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FOREWORD 


\ 

^The  Symposium  on  Fluid  Dynamics  of  Jets  with  Applications  to  V/STOL  was  planned 
in  response  to  current  aeronautical  developments  which  highlight  the  need  for  improvements 
in  the  understanding  of  jets  and  the  fundamentals  of  mixing.  The  most  important  of  these 
developments  are  vertical  and  short  take-off  and  landing  aircraft  which  employ  thrust  vectoring 
or  lift  augmentation.  Sessions  on  Jet  Interactions  with  Neighbouring  Surfaces,  Jet  Structure 
and  Development,  Wind  Tunnel  Simulation,  Injection  and  Thrust  Augmentation,  and 
Theoretical  Models  provided  a  comprehensive  overview  of  the  state  of  art  in  the  field.,— 

This  volume  includes  the  thirty-one  papers  presented  at  the  Symposium  sponsored  by  the 
AGARD  Fluid  Dynamics  Panel  in  Lisbon,  Portugal,  on  2-5  November  1981.  In  addition,  a 
summary  of  important  features  of  the  meeting  made  by  Dr  Ir.  B.M.Spee  is  included  following 
the  papers.  A  more  comprehensive  Technical  Evaluation  Report  will  be  prepared  for  publica¬ 
tion  early  in  1982. 
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SOME  ASPECTS  OF  JET  DYNAMICS  AND  THEIR 
IMPLICATIONS  FOR  VTOL  RESEARCH, 
by 

L.J.S.  Bradbury 

Mechanical  Engineering  Department 
University  of  Surrey,  Guildford,  Surrey  GU2  5XH,  U.K. 


SUfURY 


This  paper  discusses  some  of  the  problems  associated  with  jet  interference  on  VTOL  aircraft.  The  jet 
interference  that  arises  in  hovering  both  in  and  out  of  ground  effect  is  considered  first  and  the  factors 
that  influence  the  entrainment  that  is  responsible  for  the  interference  are  discussed.  In  particular,  it  is 
shown  that  the  flow  in  the  initial  region  of  a  jet  is  strongly  affected  by  circumferential  variations  in  the 
jet  nozzle  flow  angle  and  that  this  might  account  for  some  of  the  anomolous  results  for  the  decay  of  jets 
issuing  from  VTOL  models.  The  possible  use  of  Reichardt's  method  for  studying  the  behaviour  of  non~uniform 
jets  is  also  discussed.  The  problem  of  jet  interference  in  transition  is  next  examined  and  the  basis  on 
which  model  tests  are  currently  carried  out  is  briefly  reviewed.  The  dynamics  of  jet  interference  in 
transition  are  then  considered  in  more  detail  and  it  is  suggested  chat  unlike  interference  in  hovering, 
transition  interference  might  well  be  accounted  for  on  the  basis  of  a  potential  flow  model  of  the  jet  in  a 
cross'flow.  Some  experimental  evidence  in  support  of  this  notion  is  examined  and  a  few  examples  of 
comparisons  between  predicted  and  experimental  pressure  distributions  around  a  single  jet  issuing  from  a 
flat  plate  are  given. 


I.  Introduction. 


The  attractiveness  of  an  aircraft  with  conventional  aerodynamic  performance  in  normal  flight  but  with 
an  ability  to  take  off  and  land  vertically  is  so  obvious  for  both  civil  and  military  applications  that  it 
is  quite  unnecessary  to  discuss  the  virtues  of  such  a  craft.  However,  until  the  advent  of  the  jet  engine, 
the  possibility  of  developing  a  VTOL  aircraft  of  this  type  did  not  really  exist  and,  even  then,  it  was  only 
in  the  1950* s  that  the  specific  thrust  and  overall  thrust  of  jet  engines  reached  a  stage  where  VTOL 
development  could  begin  to  be  contemplated  as  a  real  possibility.  In  the  intervening  years,  an  enormous 
amount  of  effort  has  been  devoted  to  research  in  this  field  and  this  has  included  the  development  of  many 
VTOL  research  aircraft.  The  first  of  these  -  the  so-called  Rolls  Royce  "flying  bedstead"  flew  in  1953  and 
since  then,  about  a  further  twenty  VTOL  aircraft  of  one  sort  or  another  have  flown.  However,  in  spite  of 
these  intensive  efforts,  there  exists  only  one  military  VTOL  aircraft  in  use  in  any  numbers  in  the  West 
-  the  Harrier  and  its  various  derivatives  -  and  no  civil  VTOL  aircraft  at  all  is  in  service. 

Although  it  is  by  no  means  the  only  reason,  it  has  certainly  been  an  important  contributory  factor  to 
this  situation  that  the  aerodynamic  design  of  VTOL  aircraft  in  the  take-off  phase  of  flight  has  posed  many 
difficult  problems  which  we  are  not  yet  in  a  position  to  resolve.  One  of  these  is  that,  unlike  the 
conventional  aircraft,  the  angle  that  the  incident  flow  vector  makes  with  the  axis  of  the  aircraft  c.*"^ 
take  any  value  during  the  take-off  and  transition  phases  of  flight  so  that  it  is  necessary  to  considei  the 
aerodynamic  characteristics  of  the  aircraft  over  a  far  more  extensive  range  of  conditions  than  is  normally 
the  case.  In  many  of  these  situations,  the  aircraft  is  a  far  from  slender  shape  and  the  flow  around  it  is 
characterised  by  large  scale  separations  of  the  sort  more  typical  of  bluff  body  flows  than  of  "slender" 
aircraft  flows.  However,  the  principle  problem  is  that  there  are  very  extensive  aerodynamic  interactions 
between  fhe  lifting  jets  and  the  flow  around  the  aircraft.  At  take-off,  the  lifting  jets  strike  the  ground 
and  produce,  complex  flows  around  the  aircraft  resulting  often  in  substantial  and  unfavourable  aerodynamic 
forces  on  tbj  airframe.  There  is  also  the  possibility  of  recirculation  of  hot  exhaust  gases  into  the 
engine  intakes  with  a  consequent  loss  of  thrust  and  engine  performance.  Damage  due  to  the  ingestion  of  debris 
thrown  up  by  the  impacting  jets  is  also  a  problem.  During  the  transition  phase  of  flight  from  vertical 
lift  off  to  conventional  horizontal  flight,  it  is  also  found  that  the  lifting  jets  produce  significant 
aerodynamic  interference  with  the  flow  over  tbe  aircraft  producing  both  a  loss  of  aerodynamic  lift  and 
significant  pitching  moment  changes.  From  the  point  of  view  of  this  conference,  it  is  these  jet  Interference 
effects  that  are  the  subject  of  major  interest. 

For  present  purposes,  it  is  convenient  to  group  problems  of  jet  interference  into  three  flow  regimes, 
namely  (i)  hovering  in  ground  effect,  (ii)  hovering  out  of  ground  effect  and  (iii)  transition  from  hovering 
to  forward  flight  out  of  ground  effect.  There  are  some  circumstances  such  as  a  rolling  take-off  where 
ground  effects  occur  in  conjunction  with  forward  movement  of  the  aircraft  but  these  will  not  be  considered 
here. 


As  illustrations  of  the  type  of  jet  interference  effects  that  may  develop,  figures  1,2  and  3  show  a 
range  of  results  of  model  tests  corru.«tponding  to  the  three  flow  regimes  (Williams  and  Wood  (1966)).  Figure  1 
shows  the  unfavourable  interference  that  occurs  in  hovering  close  to  the  ground  for  a  delta  wing  model  with 
a  range  of  lifting  jet  conf iguracions  and  for  two  positions  of  the  wing.  It  is  possible  under  some  circumstances 
to  produce  favourable  ground  effects  but,  in  these  tests,  there  was  always  a  loss  of  lift.  It  should  be 
noted  that  the  lift  losses  are  strongly  dependent  on  aircraft  and  lifting  jet  geometries.  As  far  as  hovering 
out  of  ground  effect  is  concerned,  figure  2  shows  results  for  a  very  simple  circular  planfonn  model  with  a 
single  lifting  jet  as  a  function  of  the  ratio  of  the  planform  diameter  to  jet  diameter.  The  lift  losses  in 
this  case  are  typically  a  few  percent  of  the  thrust  whereas  the  ground  effect  losses  can  be  significantly 
higher  and  they  are  therefore  generally  a  more  serious  problem.  Finally,  figure  3  shows  some  lift  loss 
results  for  s  model  in  the  transition  phase  of  flight  out  of  ground  effect.  The  results  show  a  lift  loss 
as  a  function  of  the  ratio  of  the  model  forward  speed  to  the  jet  exit  velocity  for  a  similar  range  of 
aircraft  and  jet  nozzle  geometries  as  was  used  in  the  ground  effect  tests.  This  figure  again  illustrates  the 
substantial  lift  losses  that  can  occur  and  these  may  be  accompanied  by  pitching  moment  changes  whose 
magnitudes  may  be  such  as  to  give  rise  Co  stability  problems. 
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It  has  to  be  acknowledged  that  the  flows  leading  to  these  interference  effects  are  often  so  complex 
that  there  seems  little  prospect  of  developing  methods  for  predicting  their  effects  although  the  more 
audacious  of  those  working  on  numerical  solutions  of  model  equations  for  turbulent  flows  are  beginning  to 
address  themselves  to  flows  of  ever  increasing  complexity.  Nevertheless,  for  sometime  to  come,  it  is  almost 
certainly  the  case  that  the  development  of  VTOL  aircraft  will  rest  far  more  heavily  on  model  tests  than  is 
the  case  with  conventional  aircraft.  Unfortunately,  wind  tunnel  tests  on  VTOL  models  are  themselves  much 
more  difficult  than  those  on  conventional  aircraft  models  because  of  the  need  to  simulate  the  lifting  jets 
and  also  because  wind  tunnel  interference  effects  are  more  complex  than  those  usually  encountered  in 
conventional  model  tests.  The  need  to  simulate  the  lifting  jets  creates  a  series  of  practical  problems 
with  overall  force  and  moment  measurements  on  models  to  which  are  connected  compressed  air  supplies  feeding 
the  plenum  chambers  within  the  models.  The  development  of  techniques  to  accomplish  this  task  has  been  a 
major  undertaking  in  its  own  right  but  the  problem  of  interest  in  the  present  context  is  to  try  and 
understand  those  features  of  the  lifting  jets  which  it  is  important  include  in  model  tests.  Along  with  the 
wind  tunnel  blockage  problem,  this  has  been  and  remains  one  of  the  most  important  topics  of  research  into 
jet  aerodynamics  relevant  to  VTOL  aircraft  and  this  paper  will  attempt  to  discuss  some  aspects  of  this 
problem.  In  section  2,  the  factors  affecting  entrainment  into  jets  issuing  into  still  air  in  or  out  of 
ground  effect  are  considered.  The  importance  of  the  initial  region  close  to  the  jet  nozzle  is  emphasised 
and  guidelines  for  establishing  the  important  characteristics  of  a  jet  nozzle  flow  are  put  forward.  In 
addition,  some  comments  are  made  on  the  possibility  of  using  the  largely  discarded  Reichardt's  method  for 
examining  the  effect  on  entrainment  of  non'^uniform  jet  nozzle  velocity  profiles.  Section  3  then  discusses 
jet  interference  in  transition  out  of  ground  effect  and  the  effects  on  the  interference  of  jet  Mach  number, 
temperature  and  velocity  profile  are  briefly  examined.  The  detailed  discussion  is  centred  almost  entirely 
on  the  simple  case  of  a  single  jet  issuing  normally  from  a  plane  wall  into  a  mainstream  flow  because  this 
is  Che  flow  for  which  there  is  most  experimental  information.  It  is  suggested  that  in  contrast  to  the 
interference  effects  discussed  in  section  2,  the  flow  around  jets  in  cross  flow  is  pron.'^bly  dominated  by 
potential  flow  effects  and  some  evidence  to  support  this  notion  is  presented. Some  suggestions  are  then  put 
forward  for  future  theoretical  and  experimental  work  which  might  lead  to  a  better  understanding  of  jet 
interference  in  transition. 


2.  Jets  in  still  air  -  entrainment  dominated  flows. 


We  will  consider  first  the  problem  of  jet  simulation  in  studies  of  jet  interference  in  hovering  both 
in  and  out  of  ground  effect.  Although  it  is  a  rather  obvious  point,  it  is  important  to  note  that,  in  both 
cases,  the  potential  flow  solutions  for  the  jet  flows  would  not  lead  to  any  interference  effects  at  all. 

The  potential  flow  of  a  jet  issuing  into  still  air  is  a  trivial  flow  and  consists  simply  of  a  tubular  vortex 
sheet  of  strength  Y  •  ^j/2  where  Uj  is  the  jet  nozzle  velocity.  The  sheet  moves  with  a  velocity  of  Uj/2  and 
produces  a  uniform  internal  jet  stream  of  velocity  U^  and  no  external  velocity  field  at  all.  In  Che  case  of 
jets  impinging  on  the  ground,  the  potential  flow  solutions  are  not  so  trivial  but  they  would  also  produce 
no  external  flow  to  the  vortex  sheets  separating  the  jet  from  the  ambient  air.  Thus,  the  hovering  lift  losses 
both  in  and  out  of  ground  effect  occur  entirely  as  a  result  of  entrainment  due  to  turbulent  mixing  and. 
therefore,  if  we  are  either  to  predict  or  measure  accurately  these  interference  effects,  it  is  important 
that  the  mixing  is  properly  modelled  in  either  theoretical  or  experimental  work  on  the  hovering  lift  losses. 


2.1  Entrainment  into  non^lmpacting  jets  in  still  air. 


The  simplest  jet  conf iguration  involving  entrainment  is  the  flow  of  a  single  jet  Issuing  into  still  air. 
Figure  (4)  shows  sketches  of  the  structure  of  such  a  jet  for  a  subsonic  case  and  for  a  supersonic  jet.  The 
purpose  of  this  figure  is  to  emphasise  in  an  extreme  way  chat  the  flow  in  the  region  near  the  nozzle  is 
dependent  on  the  precise  nozzle  conditions  such  as  jet  Mach  number,  temperature,  the  species  of  the  gas  and 
possibly  many  ocher  parameters  like  the  turbulence  level,  velocity  profile  and  so  on.  However,  some  way 
downstream,  Che  flow  will  be  well  subsonic  and  the  mass  flow  in  the  jet  will  be  largely  composed  of  air 
entrained  from  the  surroundings.  Under  these  circumstances,  it  can  be  argued  Chat  the  only  conserved  property 
on  which  the  jet  structure  will  depend  is  the  overall  thrust.  T.  and  the  structure  of  the  jet  will  be 
independent  of  other  nozzle  conditions.  It  is  well  established  that  turbulent  free  jet  flows  are  almost 
entirely  Reynolds  number  independent  and.  on  the  basis  of  simple  dimensional  arguments,  the  spread  of  some 
appropriately  defined  jet  width  S  and  the  decay  of  the  jet  centre-line  velocity  U  will  then  take  the 
following  forms,  namely 
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(2.1.1(a)) 
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(2.1.1(b)) 


where  and  are  constants  and  is  an  apparent  origin  of  the  downstream  jet  flow  and  its  position  is 
the  only  influence  that  the  precise  nozzle  conditions  will  have  on  the  jet  development.  P«  is  the  ambient 
air  density. It  is  interesting  to  note  chj.c  these  conditions  can  also  be  obtained  in  an  apparently  independent 
manner  by  looking  for  the  circumstances  under  which  a  self-preserving  jet  flow  can  develop  where  the  shape 
of  the  mean  velocity  profiles  and  the  distributions  of  the  turbulent  stresses  are  similar  at  all  downstream 
stations.  In  such  a  flow.  r/r\ 
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and  so  on  for  the  normal  stresses. 


U  is  the  mean  velocity  at  radius  r,  uv  is  the  turbulent  shear  stress  and  f  and  g  are  functions  of  r/S  only. 
By  substituting  these  expressions  into  the  momentum  equation,  an  ordinary  differential  equation  in  f  a^d  g  is 
obtained  which  shows  that  an  axisyoDetric  self-preserving  solution  is  only  possible  if  ^  >v  x,  U  'w  x 
These  conditions  are  equivalent  to  equations  (2.1.1(a))  and  (2.1.1(b)).  There  is  abundant  experimental 
evidence  to  show  that  a  flow  of  this  sort  develops  some  way  downstream  of  the  nozzle  and,  although  there  is 
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some  uncertainty  over  the  precise  values  of  the  constants,  values  of  C  •0.089  and  C.^"7,7  in  equations  (2.1.1(a)) 

and  (2.1.1(b))  give  reasonable  agreement  with  most  sets  of  experimental  data  if  the  jet  width  is  defined  as 

the  radius  at  which  the  mean  velocity  U*  U  /2. 

o 


From  the  point  of  view  of  the  irrotational  external  flow  induced  by  entrainment  into  the  jet,  this  may 
be  represented  in  the  far  field  not  too  close  to  the  jet  by  the  flow  into  a  distribution  of  sinks  along  the 
axis  of  the  jet  whose  strength  per  unit  length  is  given  by  the  rate  of  change  along  the  axis  of  the  volume 
flow  contained  within  the  jet.  From  dimensional  arguments  alone,  the  mass  flow  M  in  the  downstream  region 
will  be  given  by 


or,  for  the  sink  strength. 


«  a  constant. 


(2.1.2) 


A  direct  and  convincing  demonstration  of  the  validity  of  this  relationship  can  be  found  in  the  work  of 
Ricou  and  Spalding  (1961)  on  entrainment  into  jets  consisting  of  gases  of  a  number  of  different  species. 
They  found  that  the  ratio  of  mass  flow  in  the  jet  to  the  nozzle  mass  flow  was  well  represented  by  the 
expression 


M  _ 


(2.1.3) 


where  is  the  nozzle  mass  flow,  d  is  the  nozzle  diameter  and  P*r  are  the  densities  of  the  ambient  air 
and  jet  nozzle  gas  respectively.  It  is  simple  to  recast  this  to  give 


H  = 


O  32 


(2.1.4) 


which  is  consistent  with  equation  (2.1.2)  and  does  not  contain  details  of  the  nozzle  flow  apart  from  the 
overall  thrust  T. 


From  the  above  arguments,  it  would  seem  that  the  develojxnent  of  the  flow  some  way  downstream  of  the 
nozzle  is  comparatively  well  understood  and  the  magnitude  of  the  sink  strength  representing  the  effects  of 
entrainment  reasonably  well  established.  Near  the  nozzle,  the  situation  is  more  complicated  and  some 
anomalous  experimental  results  have  been  obtained  for  this  region  of  the  flow.  In  classical  experiments 
on  axisyrametric  jets,  it  is  conventional  to  produce  the  jet  from  a  plenum  chamber  with  a  large  contraction 
ratio  to  a  short  parallel  nozzle.  From  such  an  arrangement,  it  is  possible  to  produce  a  very  uniform  nozzle 
velocity  profile  with  a  low  turbulence  level  and  only  thin  boundary  layers  on  the  nozzle  walls.  Figure  (5) 
shows  a  sketch  of  such  an  arrangement  and  the  structure  of  the  flow  resulting  from  it.  Mixing  layers  develop 
at  the  edge  of  the  jet  and  these  spread  in  an  approximately  linear  manner  until  they  coalesce.  Thereafter, 
the  flow  is  fully  turbulent  across  the  entire  width  of  the  jet  and  the  flow  soon  develops  the  self-preserving 
characteristics  given  by  equations  (2.1.1(a))  and  (2.1.1(b)).  The  region  near  the  nozzle  is  often  referred 
to  as  the  potential  core  region  because  the  total  head  on  the  centre-line  remains  constant  until  the 
mixing  layers  merge  with  one  another. 


Figure  (6)  shows  some  measurements  of  the  variation  of  mean  velocity  and  the  u-component  turbulent 
intensity  along  the  centre-line  of  a  jet  produced  in  the  manner  described.  The  potential  core  length  is 
about  five  diameters  in  length  and,  thereafter,  the  mean  velocity  variation  rapidly  assumes  the  form  given 
by  equation  (2.1. 1(b)).  Although  it  is  not  particularly  significant  from  a  jet  interference  point  of  view, 
it  should  be  noted  that  although  the  mean  velocity  field  rapidly  appears  to  be  self-preserving,  the 
turbulent  intensity  distributions  show  that  a  prdper  self-preserving  structure  does  not  develop  until  about 
20  or  30  diameters  downstream.  For  mixing  layers  which  spread  linearly  and  which  have  similar  velocity 
profiles,  it  is  not  difficult  to  show  that  the  rate  of  change  of  mass  flow  in  the  potential  core  region  also 
grows  in  a  linear  manner  so  that 


where  A  and  B  are  constants.  By  assuming  that  the  mixing  layers  have  a  Gaussian  velocity  profile  and  that 
momentum  is  conserved  at  the  end  of  the  potential  core  region*,  one  obtains 
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where  is  the  length  of  the  potential  core  region. 


(2.1.3) 


As  a  measure  of  the  relative  importance  to  entrainment  of  the  initial  region  of  the  jet  to  the 
downstream  self-preserving  region,  figures  7(a)  and  7(b)  show  the  u-component  velocities  induced 
in  the  plane  of  the  nozzle  by  a  distribution  of  sinks  given  by  equation  (2.1.5)  compared  to  the  velocities 
induced  by  a  semi-infinite  line  of  constant  strength  sinks  given  by  diff erentiating  equation  (2.1.3) 
and  starting  at  x»x  .  The  calculations  have  been  carried  out  for  x  /d  »  6  and  x  /d  «  3.  These  induced 
velocities  can  be  thought  of  as  downwash  velocities  due  to  entrainment  into  a  single  lifting  jet.  As  one 
might  expect  at  a  radial  distance  from  the  nozzle  up  to  about  two  diameters,  the  contributions 


*  Momentum  flux  cannot  be  conserved  in  the  potential  core  by  linearly  growing  mixing  layers  with  similar 
velocity  profiles.  However,  an  expression  for  the  entrainment  that  is  accurate  enough  for  present  purposes 
can  be  obtained  by  ensuring  conservation  of  momentum  between  the  nozzle  and  the  end  of  the  potential  core. 
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from  the  potential  core  region  are  the  larger  of  the  two  but  they  still  continue  to  be  significant  even  at 
a  radius  ratio  r/d  of  about  5  which  is  roughly  typical  of  the  equivalent  planform  to  nozzle  area  encountered 
in  VTOL  models.  Also,  the  induced  velocities  are  significantly  affected  by  the  assumed  length  of  the 
potential  core.  Since  it  might  be  argued  that  the  lift  losses  in  hover  out  of  ground  effect  would  be 
roughly  proportional  to  the  square  of  some  typical  downwash  velocity,  it  is  apparent  that  the  potential  .ore 
region  makes  a  significant  contribution  to  the  lift  loss  and  this  lift  loss  will  be  strongly  afut  ua  by 
anything  that  changes  the  length  of  the  potential  core  to  any  great  extent. 

The  above  discussion  on  jet  entrainment  presupposed  a  particular  type  of  well  controlled  nozzle 
geometry.  However,  in  the  case  of  VTOL  models,  space  restrictions  often  create  severe  difficulties  in 
producing  acceptable  jet  nozzle  conditions.  For  subsonic  jets,  "acceptable"  is  usually  taken  to  mean  that  the 
final  nozzle  flow  has  a  velocity  distribution  that  is  constant  within,  say,  a  few  percent  of  the  oi'^an  value. 
Developing  nozzle  flows  of  this  sort  can  be  a  time  consuming  operation  involving  manipulating  the  internal 
air  supply  arrangements  and  the  use  of  gauzes  at  or  near  the  nozzle  exits  to  try  and  achieve  reasonably 
uniform  exit  conditions.  However,  even  when  an  apparently  acceptable  nozzle  flow  has  been  produced,  it  is 
well  known  that  marked  variations  in  the  subsequent  jet  deveio^iMDent  can  occur.  This  is  most  easily  seen  in 
the  decay  of  the  centre-line  velocity  and  figure  (ti)  shows  results  of  Gentry  and  Margason  (1966)  showing 
apparently  the  effect  of  different  plenum  chamber  gecHnetries  on  the  velocity  decay  rate.  As  another  example, 
figure  (9)  shows  results  of  Hargreaves  (1970)  which  seem  to  demonstrate  a  large  and  very  surprising  effect 
of  either  Reynolds  number  or  Mach  number  on  the  jet  development.  From  the  previous  discussion  on  the 
sensitivity  of  entrainment  to  the  initial  region  of  the  jet,  it  is  clear  that  the  lift  losses  due  to 
entrainment  would  be  strongly  influenced  by  these  differing  nozzle  conditions.  In  an  attempt  to  explain  this 
type  of  anomolous  behaviour,  a  series  of  experiments  were  carried  out  on  a  comparatively  large  8  inch 
diameter  jet  at  the  University  of  Surrey  in  which  it  was  the  intention  to  study  the  effect  on  the  jet 
development  of  nozzle  boundary  layer  thickness,  nozzle  turbulence  level  and  convergence  of  the  nozzle  flow. 

As  reported  by  Bradbury  and  Khadem  (1975),  no  very  significant  effect  of  the  tested  variation  of  chose 
parameters  on  jet  development  was  found  and  certainly  no  effects  remotely  comparable  to  those  siiown  in 
figures  (8)  and  (9).  Coincidentally  at  the  time  of  these  tests,  some  invest igat ions  were  being  carried  out 
at  RAE  Farnborough  on  the  working  section  flow  of  a  closed  return  open  jet  wind  tunnel.  To  suppress  vortex  the 
rings  which  are  thought  to  be  shed  from  an  open  jet,  it  is  conventional  to  mount  a  ring  of  "teeth"  or  "tabs" 
on  the  circumference  of  the  jet  and  which  intrude  into  the  jet.  To  check  on  the  possible  effect  of  these  tabs, 
a  series  of  experiments  were  carried  out  with  a  range  of  tabs  mounted  on  the  circuraf erence  of  the  8  inch 
diameter  jet  and  figure  (10)  shows  the  effect  of  these  tabs  on  the  decay  of  the  jet  centre-line  velocity. 

The  surprising  result  is  that  the  largest  effect  on  the  decay  rate  was  obtained  with  only  two  tabs 
and  it  is  worth  emphasising  that  these  tabs  are  really  quite  small  in  comparison  with  the  diameter  of  the 
nozzle.  After  some  investigation,  it  transpired  that  the  effect  of  the  cabs  is  to  produce  a  circumferential 
variation  in  the  flow  direction  (Bradbury  anu  Khadet;i(l975))  and  fli'w  angle  variations  caust- 

gross  distortions  of  the  jet  cross-section.  The  effect  can  almost  certainly  be  accounted  for  on  the  basis 
of  potential  flow  arguments.  Figure  (11)  shows  a  sketch  of  a  potential  flow  jet  with  circumferential  variations 
in  flow  angle.  The  surface  of  the  jet  is  a  constant  pressure  surface  and,  as  a  result,  it  is  difficult  to 

imagine  any  significant  restoring  pressure  forces  developing  within  the  jet  to  reduce  the  flow  inclinations. 

The  jet  will  therefore  tend  to  split  in  two  as  shovm  in  figure  (11).  In  a  real  flow,  this  effect  would 

almost  certainly  encourage  turbulent  mixing  although,  at  the  same  time,  this  will  tend  to  smear  out  the  flow 

angle  variations.  Nonetheless, the  effect  can  certainly  be  seen  in  velocity  profile  measurements  downstream 
of  the  nozzle.  Figure  (12)  shows  iso-velocity  contours  at  two  and  four  diameters  downstream  and  the  tendency 
for  the  jet  to  split  in  two  is  apparent.  In  the  plane  of  the  nozzle,  the  velocity  distribution  was  constant 
to  within  one  percent  of  the  mean  value  apart  from  the  comparatively  thin  boundary  layer  region  on  the 
nozzle  walls. 

In  view  of  the  failure  to  explain  the  anomolies  in  jet  centre-line  velocity  decay  rates  due  to  the 
more  obvious  parameters  like  turbulence  level  and  so  on,  it  seemed  that  flow  angle  variations  might  be 
responsible  at  least  in  some  of  the  cases.  A  model  similar  to  the  one  used  by  Gentry  And  Margason  (1966) 
was  constructed  to  test  this  idea  and  figure  (13)  shows  the  decay  of  centre-line  velocity  obtained  from  this 
model.  Although  not  identical  with  Gentry  and  Margason’s  results,  it  did  exhibit  a  rapid  decay  of  centre-line 
velocity  similar  to  that  shown  in  their  original  report.  Figure  (l^i)  shows  the  flow  angle  variations 
measured  in  the  plane  of  the  nozzle.  They  are  larger  than  those  induced  by  the  tabs  and  this  provides 
powerful  evidence  that  flow  angle  variations  might  be  the  cause  of  some  of  the  anomolous  results  reported 
in  VTOL  model  tests.  The  flow  angle  variations  in  VTOL  models  could’,  of  course,  arise  in  many  ways  due  to 
the  internal  plenum  chamber  geometries  of  the  models  which  are  almost  inevitably  far  from  axisymmetric . 

It  is  also  very  possible  that  the  internal  flows  could  be  Reynolds  number  sensitive  since  separation  of 
"small-scale"  components  may  be  involved  and  this  might  produce  the  apparent  Reynolds  number  effects 
reported  by  Hargreaves  and  shown  in  figure  (9). 

The  outcome  of  the  above  investigations  suggests  that  measurements  of  jet  nozzle  conditions  should 
be  more  extensive  than  has  tended  to  be  the  case  in  many  VTOL  model  tests.  In  addition  to  measuring  the 
nozzle  velocity  profile,  it  is  clearly  important  to  measure  the  centre-line  velocity  variation  and,  if  this 
shows  unusual  characteristics,  it  is  then  recoimiended  that  measurements  of  flow  angle  be  made  at  the  jet 
nozzle  exit.  Alternatively,  a  few  velocity  traverses  across  the  jet  could  be  made  at  one  or  two  diameters 
downstream  at  several  azimuthal  angles  Co  check  if  gross  distortions  of  the  jet  are  occurring. 

Although  it  is  usual  in  VTOL  model  tests  to  try  and  obtain  a  uniform  velocity  profile  at  the  nozzle 
exits,  the  velocity  profiles  occurring  in  full  scale  lifting  jets  are  hardly  likely  to  be  uniform.  There 
seems  to  be  a  surprising  lack  of  information  about  the  structure  of  full  scale  jet  engine  flows  and,  apart 
from  many  other  factors,  this  creates  some  uncertainties  about  the  likely  accuracy  that  can  be  attached  to 
model  test  results.  Nevertheless,  non-uniformity  in  velocity  profile  seems  likely  to  be  a  factor  of  some 
importance  and,  at  the  moment,  there  is  little  experimental  data  on  iis  oi'fect  on  jet  development  although 
some  experiments  have  been  carried  out  involving  overall  force  measurements  by  Mayson,  Ogilvie  and  Harris 
(1971). It  is  now  possible  to  calculate  the  development  of  non-uniform  jets  using  a  number  of  modern 
turbulent  flow  prediction  OMthods  but  the  accuracy  of  the  results  is  uncertain  and  the  computing  time 
would  be  considerable  if  an  extensive  range  of  parameters  were  to  be  studied.  Although  it  has  long  ceased 
to  be  a  seriously  considered  turbulence  model,  the  aged  Reichardt’s  method  still  provides  a  comparatively 
simple  means  of  studying  not  only  non-uniform  jets  but  also  non-circular  jet  nozzles  and  multi-jet 


dev«lopaieac .  For  example,  Kynttaucus  (1964)  showed  that  the  spread  of  a  row  of  circular  jets  and  their 
transition  to  a  quasi'tvo-dimensional  jet  was  quite  reasonably  predicted  using  Reichardt's  method. 


For  a  distribution  of  jets  with  arbitrary  velocity  distributions  and  cross'-sections,  the  velocity  at 
point  P  using  Reichardt's  method  is  given  by 
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(2.1.6) 


where  dA  is  an  el^entary  area  over  which  the  jet  velocity  is  U^.  r  is  the  radial  distance  from  this  area  to 
the  point  P  (see  figure  (13))  and  c  is  a  constant.  The  integration  would  be  carried  out  over  all  the  jet 
nozzle  areas.  For  the  velocity  on  the  centre-line  of  a  uniform  circular  jet,  Reichardt's  method  gives 
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and  when  x/d»  1,  this  gives 
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so  chat  by  comparison  with  equation  (2.1.1(b))  with  7.7,  a  value  of  c*0.073  is  suggested.  Figure  (6) 
shows  a  comparison  between  equation  (2.1.7)  and  experimental  data  for  the  decay  of  the  centre-line  velocity. 
The  agreement  is  fair  except  in  the  transition  region  from  the  potential  core  to  the  fully  turbulent  jet. 

As  an  example  of  its  use  in  Che  case  of  non-circular  jets,  it  is  straightforward  to  show  that  for  a 
rectangular  jet  of  span  s  and  depth  h,  the  velocity  on  the  axis  of  the  jet  is  given  by 
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For  a  two-diaensional  jet,  this  becones 


with  c*0.073» 


and  when  x/hA  1,  this  gives 
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ExperinentaL  data  for  two-dimensional  jets  is  well  fitted  by  an  expression 

3?Fr 

which  is  not  too  different  from  Reichardt  s  value  and  would  result  in  an  estimate  of  entrainment  which  would 
differ  by  only  about  lOZ. 

For  the  decay  of  the  centre-line  velocity  of  a  rectangular  jet,  figure  (16)  shows  a  comparison  between 
equation  (2.1.7)  and  some  recent  experimental  data  of  Krothapalli,  Baganoff  and  Karamcheti  (1981)  for 
rectangular  jets  of  aspect  ratio  16.7  and  S.S. 

Whilst  the  agreement  is  not  particularly  close,  it  is  comparable  to  that  achieved  using 
far  more  complex  calculation  methods  using  k-C  type  turbulence  models  (McGuirk  and  Rodi(1977)  although 
obviously  Reichardt's  method  is  far  more  restricted  in  its  overall  area  of  application. 

Returning  to  the  effect  of  a  non-uniform  velocity  profile, it  is  quite  simple  to  use  Reichardt's  method 
to  compute  the  velocity  profile  development  with  non-uniform  nozzle  velocity  profiles.  For  a  jet  consisting 
of  a  circular  core  jet  surrounded  by  an  annular  jet  with  a  different  velocity  (see  figure  (17)),  the 
particular  result  for  the  velocity  on  the  centre-line  of  such  a  jet  is  given  by 


(2.1.9) 


where  Uj^,  U.  are  the  core  and  annular  jet  velocities  respectively  and  D.  and  are  the  core  jet  and 
annular  jet  diameters  respectively.  There  are  a  few  results  for  the  centre-line  velocity  decay  given  by 
Mayson  et  al  and  these  are  compared  with  equation  (2.1.9)  in  figure  (17).  Again, the  agreement  is  not 
particularly  close  but  it  is  sufficiently  good  to  probably  enable  Reichardt's  method  to  be  used  in  a 
parametric  study  of  velocity  profile  variation  on  jet  entrainment.  For  example,  it  would  be  interesting 
to  compute  entrainment  rates  for  non-uniform  jets  using  Reichardt's  method  and  then  calculate  domiwash 
velocities  from  the  appropriate  sink  strengths.  This  might  usefully  serve  to  indicate  the  likely  influence 
of  velocity  profile  variations  on  the  hovering  lift  losses.  It  might  even  be  possible  to  correlate  the 
lift  loss  measurements  of  Mayson  et  al  on  circular  planform  models  with,  say,  the  square  of  the  calculated 
downwash  velocities  induced  at  the  edge  of  the  circular  models. 

2.2  Entrainment  into  impacting  jets  in  still  air. 

In  the  case  of  VTOL  models  hovering  in  ground  effect,  Che  jet  flows  are  more  complicated  chan  those 
encountered  in  hovering  out  of  ground  effect.  However,  for  a  single  jet  impinging  on  the  ground,  it  is  well 
known  that  a  fully  turbulent  radial  wall  jet  develops  in  which  the  wall  jet  thickness  S  approximately 
varies  like  r  and  Che  peak  velocity  varies  like  r  where  r  is  the  radial  distance  from  the  point  of  impact. 
In  consequence,  the  mass  flow  in  a  wall  jet  also  varies  approximately  like  r  so  that  the  rate  of  change  of 
mass  flow  with  radius  is  constant.  The  analogy  with  the  far  downstream  behaviour  of  the  axisymraetric  free 
jet  is  clear  although  it  should  be  stressed  that  the  above  behaviour  of  the  radial  wall  jet  is  only 
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approximately  satisfied  due  to  the  influence  of  the  wall  shear  stress.  An  expression  for  the  mass  flow  in  a 
wall  jet  that  is  strictly  analogous  to  chat  of  Ricou  and  Spalding  for  the  axisymmecric  free  jet  has  been 
given  by  Skif stad(1970)  and,  in  recast  form,  this  expression  is 


«  0.W03 


where  r  is  an  origin  shift  which  makes  allowance  for  the  different  initial  conditions  of  the  jet  at  the 
impact  point.  Since  the  lift  losses  in  ground  effect  almost  certainly  arise  mainly  from  Che  entrainment  into 
the  wall  jet  flow  rather  than  from  the  entrainment  into  the  jet  flow  prior  Co  impact,  there  is  a  good  prospect 
that  the  lift  losses  should  not  show  much  sensitivity  to  the  precise  nozzle  conditions  including  Mach  number. 


jet  temperature  and  gas  species.  In  the  case  of  more  complicated  jet  and  airframe  geometries,  this  is  even 
more  likely  but,  of  course,  this  does  not  preclude  experimental  difficulties  arising  from,  say,  Reynolds 
number  effects  from  the  flow  of  the  entrained  air  around  the  model. 


J.  Jet  interference  in  transition  -  iets  in  cross-flow. 


As  in  Che  case  of  hovering  jet  interference,  the  problem  associated  with  representing  the  lifting  jets 
on  VTOL  models  in  the  transition  phase  of  flight  is  of  central  importance  in  VTOL  research.  It  is  perhaps 
worth  mentioning  that  intake  interference  effects  are  generally  nuL  sufficiently  important  to  warrant 
modelling  Che  intake  flows.  As  far  as  Che  jets  are  concerned,  the  general  practice  is  to  ensure  the  correct 
scaling  of  Che  nozzle  areas  and  then,  for  a  given  aircraft  configuration,  to  assume  that  Che  jet  interference 
effects  are  dependent  only  on  an  effective  jet  to  free-stream  velocity  ratio  defined  as 

where  p^g  densities  of  Che  msinstream  and  jet  nozzle  flows  respectively  and  U| ,  are  the 

corresponding  velocities.  A.  is  the  jet  nozzle  area.  For  jets  with  uniform  exit  velocity  profiles,  there 
are  a  few  experiments  with  not  gas  jets  up  to  300^C  which  seem  to  show  that  this  is  an  acceptable  idea  to 
allow  for  jet  temperature  effects  (Williams  and  Uood(1966)g  Martin  (1963)).  Similarly,  Mach  number  effects 
up  to  choking  and  Reynolds  number  effects  do  not  seem  significant.  A  more  important  effect  might  be  the 
influence  of  non-uniform  velocity  profiles  and  recently  Phipps  (1981)  has  completed  an  investigation  of 
the  pressure  distribution  around  a  single  jet  issuing  from  a  wall  into  a  cross-flow  in  which  the  jet 
consisted  of  an  annular/core  jet  combination  of  the  sort  shown  in  figure  (17).  The  definition  of  an 
equivalent  uniform  jet  having  the  same  mass  flow  and  thrust  as  the  annular/core  jet  nozzle  did  not 
apparently  prove  a  satisfactory  means  of  collapsing  the  data  and  a  better  collapse  was  obtained  using  Che 
radius  of  the  outer  annular  jet  and  an  effective  velocity  ratio  defined  as 

■ 

where  A^,  are  the  areas  of  the  annular  and  core  jets  respectively  and  U.  ,  U.  are  Che  corresponding  jet 
velocities.  Unfortunately,  as  Phipps  acknowledges,  this  definition  breaks  down  as  the  annular  velocity  is 
reduced  to  zero  and  it  also  did  prove  to  be  adequate  in  dealing  with  the  purely  annular  jet. 

Before  attempting  a  more  detailed  discussion  of  the  mechanism  of  jet  Interference  in  transition,  some 
further  general  points  need  to  be  made.  Figure  (18)  shows  a  sketch  of  a  VTOL  aircraft  in  transition  to 
forward  flight.  As  far  as  calculating  the  interference  effects  are  concerned,  the  lifting  jets  can  be 
surrounded  by  a  surface  which  contains  entirely  the  rotational  jet  flows.  If  the  normal  components  of  velocity 
to  the  surface  are  known,  Che  surface  may  be  replaced  by  a  distribution  of  sources  or  sinks  with  a  strength 
proportional  to  the  normal  velocity  components  and  this  singularity  representation  would  produce  the  correct 
potential  flow  external  to  the  jets.  In  general,  the  distance  from  the  jet  plumes  to  the  aircraft  are 
significantly  greater  than  Che  cross-sectional  dimensions  of  the  jet  and,  in  this  far  field,  Che  velocicy 
field  induced  by  the  surface  singularities  around  the  jet  will  tend  to  that  produced  by  a  line  of  singularities 
distributed  along  an  appropriately  defined  jet  path.  The  singularities  may  be  sinks  if  there  Is  a  net  inflow 
across  the  surface  but  they  might  also  consist  of  doublets,  quadrapoles  and  so  on  whose  strength  would  be 
obtained  by  taking  higher  moments  of  the  surface  singularities. 

If  an  appropriate  singularity  distribution  could  be  determined  either  theoretically  or  experimentally, 
one  might  hope  that  Che  interference  effects  could  be  calculated  using  existing  methods  for  calculating 
the  load  distributions  on  wings.  Thus,  the  problem  of  jet  interference  in  transition  really  reduces  to 
determining  an  appropriate  singularity  distribution  to  represent  the  lifting  jets.  In  order  to  make  some 
progress  with  this  fundamental  problem,  a  great  deal  of  experimental  work  has  been  carried  out  on  the  much 
simpler  problem  of  a  single  jet  issuing  normally  from  a  wall  into  a  cross-flow  and  the  remainder  of  this 
section  will  be  devoted  to  this  flow  to  try  and  highlight  the  mechanisms  of  jet  interference  in  transition. 


(Kc-^ 


let  issuing  into  a  cross-flow. 


When  a  jet  issues  into  a  cross-flow,  it  is  deflected  downstream  and  its  boundaries  spread  as  a  result 
of  turbulent  mixing  in  much  the  same  way  as  occurs  with  a  jet  issuing  into  still  air.  In  addition,  there 
are  a  pair  of  contra-rotating  vortex  structures  which  develop  on  either  side  of  the  jet  as  it  spreads 
downstream  and  these  are  certainly  the  most  striking  characteristic  of  the  flow  (see  figure  (19). There  have 
been  many  theories  developed  for  predicting  Che  deflection  of  a  jet  in  cross-flow  and  they  fall  into  two 
broad  categories.  In  the  first  type,  Che  assumption  is  that  the  deflection  results  from  the  turbulent 
entrainment  of  air  and  they  have  usually  been  based  on  arguments  of  the  "mixing  of  streams  of  ping-pong  balls" 
variety  in  which  the  resultant  jet  direction  is  taken  to  be  the  vector  sum  of  the  jet  momentum  flux  and 
the  momentum  flux  of  the  entrained  mainstream  flow.  The  difficulty  with  these  theories  is  that  the 
encraiimenc  is  adjusted  to  give  good  agreement  with  experimental  data  for  the  jet  paths  and  they  result  in 
entrainment  rates  which  are  very  much  larger  chan  those  chat  occur  in  jets  in  still  air  and  in  parallel 
moving  streams.  Snel's  work(1974)  is  typical  of  these  theories.  The  appropriate  singularity  distribution 
arising  from  models  of  this  sort  would  be  a  distribution  of  sinks  whose  strength  per  unit  length  is 
proportional  to  the  race  of  entrainment.  However,  there  is  nothing  in  these  models  that  can  account  for 
the  vortex  motions  in  the  jet.  The  other  class  of  theories  for  predicting  jet  paths  make  use  of  a  cross-flow 
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drag  on  the  jet  analogous  to  the  drag  on  a  solid  blufC  body.  However,  it  is  necessary  to  use  drag  coefficients 
which  seem  very  high  in  order  to  obtain  good  agreement  with  experiments  and  it  is  not  easy  with  theories  of 
this  type  to  establish  the  singularity  distributions  necessary  to  calculate  the  external  flow  field.  These 
two  types  of  theory  have  also  been  presented  in  combination  (for  example  Wooler,  Burghart  and  Gallagher 
(1967))  but  neither  the  mixing  or  cross*‘flow  drag  mechanisms  of  jet  deflection  seem  very  convincing.  In  the 
previous  sections  on  jets  issuing  into  still  air,  it  was  argued  that  the  interference  effects  in  hovering 
arose  solely  from  turbulent  mixing  since,  in  this  case,  the  potential  flow  would  not  give  rise  to  any 
external  flow,  however,  in  the  case  of  a  jet  in  cross-flow,  there  is  the  possibility  that  a  non-trivial 
potential  flow  solution  exists  in  which  the  jet  is  deformed  and  deflected  by  the  mainstream.  Indeed,  all  our 
experience  of  high  Reynolds  number  flows  would  suggest  that  where  it  is  possible  for  significant  pressure  and 
inertia  forces  to  develop,  the  main  features  of  a  flow  can  be  accounted  for  on  the  basis  of  potential  flow 
solutions  with  the  possibility  of  having  to  involve  real  flow  effects  through  boundary  conditions.  Figure  (20) 
is  a  sketch  of  the  type  of  potential  flow  solution  one  might  obtain  in  which  the  vortex  sheet  separating  the 
the  mainstream  from  the  jet  flow  is  deformed  and  forces  on  the  jet  develop  in  much  the  same  way  as  they 
develop  as  a  result  of  the  bound  vorticity  of  a  wing.  Such  a  solution  would  naturally  include  "trailing" 
vorticity  to  ensure  continuity  of  vortex  lines  with  the  "cross-flow"  vortex  lines.  The  highest  order  singularity 
distribution  representing  this  flow  in  the  far  field  would  consist  of  a  doublet  distribution  since  no 
entrainment  into  the  jet  occurs.  In  fact,  tne  effect  of  turbulent  mixing  wr  Id  probably  only  serve  to  smear  out 
the  vortex  sheets  but  one  would  not  expect  either  the  path  of  the  jet  or  the  doublet  distribution  to  be 
significantly  affected. 


Whilst  it  is  a  simple  matter  to  discuss  the  possibility  of  a  potential  flow  solution,  it  is  unfortunately 
difficult  even  to  set-up  the  potential  flow  problem  with  the  appropriate  boundary  conditions  and  there  has 
been  no  significant  progress  in  obtaining  closed  solutions  of  this  type.  However,  a  seni-eampirical  model 
can  be  developed  which  emphasises  the  potential  flow  approach  to  the  problem  and,  whilst  opinions  about  the 
validity  of  some  of  the  arguments  involved  are  unlikely  to  be  universal,  it  serves  to  illustrate  that  the 
problem  can  be  considered  in  a  different  light. 


The  first  interesting  observation  that  can  be  made  is  that  the  doublet  strength  at  infinity  downstream 
of  a  three-dimensional  body  in  potential  flow  on  which  there  is  a  lift  L  can  be  shown  to  be  (see,  for  example, 
RUchemann  (1978)), 


fjltc) 


(3.1.1) 


where  is  the  doublet  strength  of  the  trailing  vortex  sheet  at  infinity  downstream  and  is  the  free-stream 
velocity.  The  doublet  strength  is  given  by 

a  w>  dyJi  (3.1.2) 

where  the  streamwise  vorticity ,W>  and  the  integration  is  carried  out  over  the  entire  cross-stream 

plane.  The  y  and  z-directions  are  shown  in  figure  (20). 


In  the  case  of  a  jet  in  cross-flow,  it  will  experience  a  force  normal  to  the  mainstream  direction  equal 
to  the  jet  thrust  if  it  is  deflected  through  90”.  Kor  a  uniform  jet,  equation  (3.1.1)  then  gives 

(3.1.3) 

where  m*  free-stream  velocity  ratio  and  a  is  the  jet  radius.  As  can  be  seen  from 

equation  (j.I;2),  the  direct  measurement  of  doublet  strength  is  a  difficult  and  tedious  exercise  but  a  few 
measurements  have  been  made  by  Endo  and  Nakamura  (1963)  and  Thompson  (1971)  using  five  hole  pitch  and  yaw 
tubes.  The  measurements  were  made  at  various  positions  along  the  jet  path  and  at  various  values  of  jet  to 
free-stream  velocity  ratio,  m.  Their  results  for  the  flow  far  downstream  of  the  jet  nozzle  are  shown  in 
figure  (21)  and  compared  with  equation  (3.1.3).  In  all  the  circumstances,  the  agreement  is  remarkably 
good  and  it  seems  chat  this  simple  argument  can  account  both  qualitatively  and  quantitatively  for  the 
trailing  vortex  motions  that  can  be  observed  in  the  jet. 


To  calculate  the  external  flow  field,  the  doublet  distribution  along  the  path  of  the  jet  is  required. 
If  the  jet  has  been  deflected  through  an  angle  8,  we  may  assume  that  the  lift  force  acting  on  it  is 
T(1-co8  6)  where  T  is  the  jet  thrust  and  the  obvious  assumption  can  Chen  be  made  that  the  doublet  strength 
at  this  position  will  still  be  given  approximately  by  equation  (3.1.1)  so  that 


u(€)  *  T(l-co»e) 

«  P-U' 

where  X  is  the  distance  along  the  jet  path  at  which  the  jet  has  been  deflected  through  an  angle  8.  In 
non-dimensional  form,  . 


(3.1.4) 


Now,  in  order  Co  apply  this  expression  to  the  calculation  of  the  induced  velocity  field  around  the  jet,  it 
is  necessary  to  know  Che  jet  path  on  which  the  place  the  doublet  distribution.  It  is  the  most  serious 
weakness  of  the  present  approach  that  it  does  not  easily  lead  to  a  prediction  of  the  path  and,  in  the 
absence  of  any  better  guide,  experimental  results  of  jet  path  measurements  have  been  used.  There  have  been 
numerous  measurements  of  jet  path  by  Brown  (1976),  Chassaing  et  al  (1974),  Endo  and  Nakamura  (1963), 

Graefe  (1975),  Thompson  (1971),  Jordinson  (1956)  and  others  and  results  have  generally  been  obtained  for  the 
path  of  Che  maximum  total  head.  The  agreement  between  tho  path  measurements  from  all  these  various 
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investigators  is  only  fair  but  a  reasonable  fit  to  most  of  the  data  can  be  made  by  the  expression 


Xo 


s 


(3.1.5) 


tfhere  X  and  Z  are  the  co-ordinates  of  the  maximum  total  head  jet  path.  Z  is  the  co-ordinate  normal  to 
the  waif  and  is  the  co-ordinate  in  the  downstream  direction.  Figure  (22f  shows  a  comparison  between  this 
expression  and "Thompson' s  data  as  a  typical  example.  Also  shown  in  figure  (22)  are  a  few  results  for  the 
vortex  centre  paths  with  an  expression  similar  to  equation  (3.1.5)  fitted  to  the  data.  It  is  clear  from 
this  figure  that  the  scale  of  the  plume  is  substantial  and  not  really  small  in  comparison  to  the  distance 
from  Che  plume  to  the  wall  region  where  we  are  attempting  to  predict  the  pressure  distribution.  There  is 
also  obviously  some  ambiguity  as  to  Che  appropriate  definition  of  the  jet  path.  However,  using  the  expressions 
for  Che  peak  total  head  paths  and  the  vortex  centre  paths  enables  the  angle  0  and  the  distance  £  along  the 
jet  path  in  equation  (3.1.4)  to  be  calculated  and  figure  (23)  shows  equation  (3.1.4)  compared  with  experimental 
data  for  doublet  strengths  at  different  positions  along  the  jet  paths.  The  use  of  Che  vortex  centre  paths 
gives  marginally  better  agreement  with  equation  (3.1.4)  than  using  the  peak  total  head  paths  but  it  would 
be  unwise  to  attach  coo  much  significance  to  this.  The  important  point  is  the  Che  doublet  strenghts  measured 
are  clearly  close  to  those  given  by  the  simple  argument  behind  equation  (3.1.4). 


Using  equation  (3.1.4)  and  Che  empirical  expression  for  the  vortex  centre  paths,  it  is  now  possible 
to  calculate  the  pressure  distributions  on  Che  wall  around  Che  jet.  Figures  (24)  and  (23)  show  a  comparison 
between  the  experimental  distributions  of  Bradbury  and  Wood  (1964)  and  these  calculated  distributions  for 
velocity  ratios  m  of  4  and  8  respectively.  There  is  a  reasonable  measure  of  agreement  between  Che  experimental 
and  calculated  distributions  and  it  provides  further  evidence  that  however  deficient  Che  prsent  model  might 
be,  Che  doublet  strength  along  the  jet  cannot  be  too  different  from  that  predicted  by  equation  (3.1.4). 
Further,  if  it  is  assumed  chat  Che  entrainment  due  to  turbulent  mixing  is  not  very  different  from  chat  of 
a  jet  issuing  into  still,  some  allowance  for  entrainment  can  be  made  by  including  a  distribution  of  sinks 
along  the  jet  path  with  a  constant  strength  given  by  Ricou  and  Spalding's  expression  -  equation  (2,1.4). 
Figures  (26)  and  (27)  show  Che  effect  of  Che  addition  of  these  sinks  to  Che  predicted  distributions.  As 
might  be  expected,  they  swing  Che  isobars  upstream  but  they  do  not  particularly  improve  Che  overall  agreement 
with  Che  experimental  distributions.  Moreover,  their  effect  on  Che  overall  force  on  Che  wall  is  very  small 
which  is  consistent  with  the  assumption  that  turbulent  mixing  is  not  Che  dominant  factor  in  this  problem. 


An  interesting  feature  of  these  results  is  that  if  the  jet  paths  are  of  Che  general  form 


=  function  ^onlv 

9(m)a  '9(jn)ai  0.1.6) 


where  g(m)  is  a  function  of  m  only,  then  it  is  easy  to  demonstrate  Chat  Che  induced  velocity  components 
arising  from  the  doublet  distribution  given  by  equation  (3.1.4)  will  have  a  similarity  form  which  gives 
on  the  wall 
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(3.1.7) 


where  r  and  ‘if  are  the  polar  co-ordinates  of  a  point  on  the  wall.  u.  is  a  particular  velocity  component 
induced  at  ciiat  point.  .  This  may  be  taken  one  stage  further  because  Che  bulk  of  Che 

force  on  Che  wall  arises  from  regions  where  Che  pressure  coefficient  based  on  the  free-scream  velocity  is 
small.  Under  these  circumstances. 


C  « 
P 


2u 
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where  u  is  the  x-componenc  of  the  induced  velocity.  The  force  on  circular  regions  around  the  jit  can  be 
presented  in  the  form  of  a  suction  force  coefficient  defined  as 

rit  Z» 


Suction  force 


In  terms  of  the  similarity  variables,  this  may  be  written  , 

/(SWAa*  zn 
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(3.1.8) 


B  of  the  sum 
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Over  the  range  of  velocity  ratios  m  of  normal  interest  (say  from  2  to  20)  and  radius  ratios  r/a  greater  than 
5gSay,  the  second  term  on  the  right  hand  side  turns  out  to  be  small  compared  to  the  first  term  so  that 

2(T  r/Cjftcjl) 
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ES  *  Furvefcion  Jl*  \  Only  (3.1.10) 
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If  an  expression  of  the  form  of  equation  (3.1.5)  is  taken  for  the  jet  path,  g(m)-  and  we  obtain 

mCp  *  Function  on),  (3.1.U) 

SS  c  function  (  *!■  -X  onl^  (3.1.12) 

The  importance  of  these  similarity  results  is  that»  if  they  have  any  validity,  Che  induced  velocity 
field  and  the  suction  force  on  the  wall  will  depend  not  on  the  jet  velocity  and  jet  radius  as  separate 
parameters  but  only  on  them  in  the  combination  given  in  equations  (3.1.11)  and  (3.1.12).  Thus,  the  flow 
field  around  a  jet  of  some  particular  radius  or  velocity  ratio  can  be  made  equivalent  to  a  jet  of  some  other 
radius  and  some  other  suitably  scaled  velocity  ratio.  An  analogous  result  to  the  present  similarity 
expressions  can  be  found  in  Che  theory  of  jet  flaps  where  it  can  be  shown  that  provided  the  thickness  of 
the  jet  sheet  is  small,  the  only  parameter  of  the  jet  that  appears  in  the  theory  is  the  jet  momentum  flux 
and  neither  the  jet  thickness  or  its  velocity  appear  as  separate  parameters.  However,  the  physical  arguments 
leading  to  the  similarity  result  in  jet  flap  theory  is  more  soundly  based  than  those  presented  here  for  a 
circular  jet.  In  this  latter  case,  the  form  of  the  simil'^rity  result  arises  simply  from  the  form  of  the 
empirical  jet  path  expression  used  and  this  has  no  obvious  physical  significance.  Nevertheless,  the  concept 
is  interesting  and,  from  experience  of  similar  problems,  it  seems  not  unlikely  that  in  the  event  of  jet 
interference  being  more  clearly  understood,  similarity  laws  similar  to  the  present  relationships  may  still 
be  found  to  apply. 

Figure  (28)  shows  a  wide  range  of  experimental  suction  force  coefficients  for  different  velocity 
and  radius  ratios  plotted  in  the  form  suggested  by  equation  (3.1.12).  Also  shown  is  the  theoretical 
result  obtained  from  using  the  vortex  centre  path  expression  and  the  doublet  strength  equation  (3.1.4) 
in  equation  (3.1.9  ).  The  experimental  results  are  not  obviously  inconsistent  either  with  the  general  form 
of  the  similarity  result  or  with  the  predicted  curve  but  it  should  be  noted  that  there  is  a  good  deal  of 
scatter  particularly  in  the  results  of  Fearn  and  Weston  (1975).  In  working  out  these  results,  it  appears 
that  insufficient  care  has  sometimes  been  taken  iti  the  definition  of  the  reference  static  pressure  so  that 
the  integration  of  the  loads  at  large  distances  from  the  nozzle  are  subject  to  a  good  deal  of  uncertainty. 
Thus,  the  agreement  between  the  results  of  different  authors  in  this  apparently  straightf orward  experiment 
is  less  than  one  might  expect  and,  indeed,  it  is  found  that  in  some  cases,  there  is  apparently  no  limit 
to  the  force  experienced  on  Che  wall  as  the  limits  of  integration  are  extended  further  from  the  jet  nozzle! 

As  far  as  the  detailed  pressure  coefficients  are  concerned,  they  collapse  less  well  on  the  basis  of 
Che  similarity  argument.  But,  it  can  be  shown  that  although  the  sinks  representing  entrainment  (which  do 
not  conform  to  Che  same  similarity  argument)  only  contribute  a  few  percent  to  the  overall  force,  they  do 
influence  the  pressure  coefficient  distributions  sufficiently  to  prevent  close  agreement  with  the 
similarity  result.  It  is  possible  to  make  some  crude  allowance  for  this  effect  and  Bradbury  (1968)  has 
shown  that  if  this  is  done,  Che  pressure  coefficient  distributions  collapse  on  the  basis  of  the  similarity 
argument  to  about  the  same  extent  as  the  overall  suction  force  coefficencs. 

Of  course,  the  object  of  the  present  exercise  was  Co  produce  a  singularity  distribution  that  could  be 
used  in  calculations  on  finite  wings.  The  assumption  would  need  to  be  made  that  Che  jet  paths  obtained  from 
experiments  on  flat  plates  could  be  used  for  jets  issuing  from  wings.  The  problem  of  multi'jet  geometries 
creates  even  more  difficulties.  However,  Wooler  et  al  (1967)  and  Ziegler  and  Wooler  (1971)  have  applied 
their  singularity  representation  of  jets  to  finite  wings  including  multl-'jet  arrangements  and  the  fact  that 
their  approach  is  conceptually  different  from  the  present  one  should  not  obscure  the  point  that  they  are 
demonstrating  the  possibility  of  jet  interference  calculations  on  more  practical  geometries. 

The  final  point  to  note  in  this  section  is  that  Che  similarity  argument  can  be  applied  directly  to 
finite  wings.  For  a  given  planform  geometry  but  with  different  diameter  jet  nozzles,  the  equivalent 
similarity  result  is 


^  «  Function  oF  ( -i. 


(3.1.13) 


where  i&L  is  Che  interference  life  loss  and  A^,  are  the  planform  areas  and  jet  nozzle  areas  respectively. 
The  final  figure  (29)  shows  results  from  Uiiliams  and  Wood  (1966)  for  a  delta  wing  model  with  two  different 
diameter  single  jets  plotted  in  this  way.  It  cannot  be  claimed  that  the  collapse  is  particularly  good 
but  it  would  at  least  enable  test  results  on  a  model  with  one  diameter  of  jet  nozzles  to  be  used  to  estimate 
the  lift  losses  on  a  similar  planform  model  but  with  different  nozzle  areas. 


4.  Concluding  remarks. 


In  this  paper,  some  attempt  has  been  made  to  discuss  various  aspects  of  jet  dynamics  relevant  to 
VTOL  aircraft.  It  will  be  noted  that  some  emphasis  has  been  put  on  potential  flow  arguments  wherever  they 
seem  appropriate.  In  part,  this  has  been  a  deliberate  ploy  to  offset  the  tendency  by  some  to  assume  that 
in  all  situations  where  there  is  a  turbulent  shear  layer,  Che  flow  must  be  treated  as  if  the  turbulence 
is  always  the  dominant  phenomenon.  The  discussion  has  also  centred  on  those  topickwhich  the  author  has 
had  some  direct  experience  of  and  the  neglect  of  other  topics  must  not  be  taken  as  an  assumption  that  they 
are  considered  less  important  chan  those  covered  in  this  paper.  In  particular,  there  is  a  great  need  for 
work  on  wind  tunnel  interference  effects  on  VTOL  models.  Although  much  has  been  published  on  this  topic, 
a  reliable  method  of  correcting  VTOL  model  results  for  wind  tunnel  blockage  is  still  not  available.  It 
is  known  that  in  tests  in  which  the  lifting  jets  impinge  on  the  tunnel  walls,  a  complete  breakdown  of  the 
working  section  flow  can  occur  due  to  the  forward  flow  and  the  subsequent  separation  from  the  tunnel  vails 
of  the  impinging  jets.  Some  progress  with  establishing  a  criterion  for  when  this  occurs  has  been  made 
(see,  for  example,  Owen  (1970)  but  serious  interference  effects  occur  well  before  this  situation  is 
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reached.  There  is  now  some  work  on  comparative  testa  on  VTOL  models  in  different  wind  tunnel  working 
sections  (e.g.  Trebble  (1978))  but  careful  comparative  tests  with  some  standard  model  in  a  range  of 
wind  tunnels  equipped  for  VTOL  testing  would  still  be  a  useful  exercise. 

As  far  as  topics  covered  in  this  paper  are  concerned,  mere  are  some  recosmiendations  for  future  work 
that  can  be  made  particularly  in  the  area  of  jet  interference  effects  in  transition.  There  are  an  increasing 
number  of  wind  tunnels  equipped  with  computer  controlled  traversing  gears  and  on-line  data  processing 
systems  and  the  possibility  of  making  detailed  flow  surveys  is  not  as  daunting  as  it  once  was.  Therefore, 
a  most  interesting  experiment  would  be  to  extend  the  type  of  work  carried  out  by  Endo  and  Nakamura  (1965) 
and  Thompson  (1971)  in  which  the  complete  vector  mean  flow  field  in  a  deflecting  jet  is  measured. 

These  results  would  provide  further  direct  experimental  data  on  the  singularity  distribution  and,  for 
all  its  deficiences,  the  experiments  are  probably  best  carried  out  still  with  a  conventional  five  hole 
pitch  and  yaw  tube. 

The  final  reconxnendation  is  directed  at  those  who  are  working  in  the  field  of  turbulent  flow  prediction 
methods.  Having  implied  that  possibly  too  much  emphasis  is  sometimes  placed  on  the  contributions  of 
turbulence  to  many  aerodynamic  problems,  it  has  to  be  acknowledged  in  contradistinction  to  this  that  workers 
in  this  field  are  attempting  solutions  to  flows  of  ever  increasing  complexity.  In  the  present  context,  it 
should  be  noted  that  Patankar,  Basu  and  Alpay  (1977)  and  Jones  and  McCuirk  (1980)  have  obtained  numerical 
solutions  for  jets  in  a  crossflow  using  k-C  turbulence  model  equations.  Whatever  criticisms  may  be  levelled 
at  the  turbulence  models  used  by  these  authors,  it  is  nevertheless  the  case  that  they  are  numerically 
solving  the  full  three-dimensional  equations  of  motion.  If  the  emphasis  of  this  present  paper  is  correct, 
the  turbulent  mixing  is  not  an  important  characteristic  in  the  VTOL  jet  interference  in  transition 
so  that  it  may  be  that  their  solutions  are  giving  singularity  distributions  and  indeed  the  external  flow 
field  that  are  largely  independent  of  the  turbulence  model  used. The  above  authors  have  been  aiming  their 
work  at  problems  rather  different  from  jet  interference  and,  therefore,  they  have  not  computed  quantities 
like  the  doublet  strengths  or  the  pressure  distributions  around  the  jet  nozzles.  These  would  be  interesting 
calculations  to  carry  out. 
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SUMMARY 

The  present  understanding  and  prediction  methods  on  jet  interactions  with  neighbouring  surfaces  are 
briefly  reviewed  with  special  attention  on  transport  and  V/STOL  aircraft. 


1.  INTRCDUCTION 

About  40  years  ago  the  first  jet  aircraft  appeared  at  the  sky.  Since  that  time  an  outstanding  pro¬ 
gress  in  aircraft  and  engine  design  has  been  made.  In  military  as  well  as  in  civil  aviation  the  jet  engine 
in  its  different  variations  has  become  the  standard  powerplant  and  will  be  the  standard  powerplant  of  the 
aircraft  of  tomorrow. 

Having  that  40  years  worldwide  experience  in  mind,  the  basic  questions  of  jet  interaction  should  be  under¬ 
stood  in  the  meantime.  With  few  exceptions  of  special  applications  the  jet  interaction  phenomena  of  pre¬ 
sent  aircraft  designs  are  quite  well  understood,  indeed.  The  understanding  of  the  phenomena,  however,  is 
generally  not  always  succeeded  by  an  accurate  prediction  methodology,  needed  to  meet  the  high  standards 
in  aircraft  technology. 

The  reasons  for  such  a  situation  are  not  only  to  be  traced  In  the  turbulent  nature  of  jets  or  in  the  com¬ 
plexity  of  jet-induced  flow  fields.  The  restrictions  of  experimental  model  testing  with  respect  to  a 
realistic  jet  simulation  as  weli  as  the  low  research  on  full-scale  engines  certainly  contribute  to  the  still 
existing  lacks  of  knowledge  In  this  field. 

On  the  basis  of  a  few  examples  of  practical  interest  it  is  shown,  which  type  of  subsonic  jet  interaction 
seems  to  be  in  hands  with  the  present  knowledge,  and  which  other  informations  are  missed  to  improve  the 
range  of  applications. 


2.  CLASSIFICATION  OF  JET  INTERACTION  PHENOMENA 

To  simplify  the  discussion  on  jet  interactions  it  is  proposed  to  distinguish  between  primary  and 
secondary  phenomena,  as  sketched  in  figure  1.  Hereby  it  is  understood  that 

•  PRIMARY  JET  FORCE  INTERACTIONS 

are  direct  actions  of  the  JET  MOMENTUM  on  solid  surfaces,  e.g. 

-  the  development  of  engine  gross  thrust  by  means  of  nozzles  or  afterbodies; 

-  the  generation  of  ground  erosion  due  to  the  jet  impact  during  take-off  and  landing 
of  VTOL-ai rcraf t; 

-  the  deceleration  of  an  aircraft  by  means  of  a  thrust-reverser  or 

-  the  generation  of  extra  forces  on  wings  or  bodies  as  a  follow-up  of  fountain-like 
autodef lected  wall  jets. 

Of  equal  or  even  more  importance  for  modern  aircraft  are  the 

•  SECONDARY  JET  FORCE  INTERACTIONS, 

defined  as  interference  effects  due  to  the  JET-INDUCED  FLOW  FIELD  as  a  consequence 
of  the  jet  entrainment,  blockage  and  wake  actions. 

In  general  they  result  in  a 

-  modified  pressure  and  friction  field  past  the  aircraft  and  may  change  the  aero¬ 
dynamic  loads  in  the  same  order  of  magnitude  as  the  thrust  forces  are. 

The  distinction  made  on  force  interactions  is  also  applicable  for 

•  RECIRCULATION  EFFECTS, 

defined  as  consequences  of  the  TEMPERATURE  FIELD  of/or  generated  by  a  jet.  Here  the 

-  primary  or  nearfield  interactions  are  mainly  combined  with  the  fountain  or  thrust 
reverser  problems  and  the 

-  secondary  or  farfield  interactions  are  caused  by  the  up-heating  of  the  ambient 
air  in  connection  with  the  natural  wind  or  the  forward  speed  of  the  aircraft. 

Recirculation  problems  are  mostly  concerned  with  V/STOL-ai rcraft  and  extremely  sensitive  to  the  individual 
configurations.  Therefore,  they  are  not  discussed  within  this  paper,  which  is  concentrated  on  force  effects 
and  especially  on  secondary  jet  Interaction  phenomena. 

3.  PRIMARY  JET  INTERACTIONS 

As  defined  above,  primary  jet  interactions  are  understood  as  direct  actions  of  jets  on  solid  surfaces. 
Typical  examples  of  such  types  of  flow  are  the  jet-afterbody  Interference  as  well  as  the  impingement 
problems  of  jets  or  fountain  flows.  Both  interaction  phenomena  are  briefly  discussed  below. 

3.1  Jet-Afterbody  Interaction 

In  the  development  of  jet  aircraft  the  jet-afterbody  Interaction  certainly  was  the  first  Interference 
problem  to  be  investigated  In  the  past.  A  considerable  ;fmount  of  Informations  has  been  published  -  see  e.g. 

(1,  2,  3)  -  and  will  be  published  In  the  future.  Howevar,  the  existing  knowledge  could  not  prevent  that  In 
an  early  design  stage  of  a  twin-engine  fighter  the  afcer«jdy  contributed  40*  of  the  total  drag  at  transonic 
speed.  Hence,  an  expensive  investigation  had  to  be  «tarted  to  reduce  the  parasite  drag  to  an  acceptable  limit. 


2-2 

To  discuss  the  jet-afterbody  Interference,  figure  2  shows  the  subsonic  flow  past  a  circular  nozzle. 

The  upper  part  of  the  sketch  describes  the  flow  around  an  afterbody  in  presence  of  a  jet  with  a  high  pressure 
ratio  p  ./p^ .  On  the  lower  part  the  corresponding  pressure  distribution  and  a  typical  boundary  layer  pro¬ 
file  a  rl-*  shown. 

Due  to  its  turbulent  mixing  with  the  ambient  air  flow 

•  the  jet  entrains  air  from  the  ambient  flow,  such  increasing  its  mass  rate  steadily, 

-  induces  supervelocities,  which  correspond  to  negative  pressures  on  tne  body,  and 

-  increases  the  drag  of  that  part  of  an  aircraft. 

If  the  jet  exit  pressure  ratio  is  well  above  its  critical  value, 

•  the  jet  blocks  the  flow  at  the  afterbody  due  to  its  expansion  -  in  a  first  order 
proportional  to  the  so-called  plume  angle  -,  hence, 

-  decreases  the  flow  past  the  body,  and 

-  reduces  its  drag  contribution,  consequently. 

The  favourable  effects  of  the  blocking  action  of  a  jet  are  limited,  however.  As  shown  in  figure  2 

•  the  adverse  pressures  induced  by  a  jet  with  a  too  high  pressure  ratio  lead  to  a 
local  separation,  which 

-  increase  the  drag  contribution  again,  and 

-  can  lead  to  an  unsteady  exit  flow. 

The  relatively  simple  example  of  a  subsonic  flow  past  a  circular  afterbody  at  zero  angle  of  attack  clearly 
demonstrates  the  sensitivity  of  the  flow  problems.  Unfortunately,  the  correlation  between  the  sucking  or 
blocking  action  of  a  jet  and  the  afterbody  geometry,  the  jet  and  ambient  flow  properties  are  still  far  from 
being  completely  understood. 

Nevertheless,  the  evaluation  of  numerous  experiments  made  in  the  past  -  see  (1,  2,  3)  -  indicate  some 
general  tendencies,  namely: 

a  The  influence  of  the  FLIGHT  MACH  NUMBER  Moa  up  to  transonic  speeds  is  approximately 
given  by  the  PrandtI-Glauert  rule,  I.e. 

-  an  increasing  Mach  number  generally  reduces  the  pressures  on  the  afterbody  and 

-  increases  the  local  drag,  therefore. 

e  The  influence  of  the  REYNOLDS  NUMBER  Re  follows  the  well-known  laws,  i.e. 

-  an  increasing  Re-number  reduces  the  probability  of  flow  separations,  but 

-  increases  specifically  the  base  pressure. 

•  The  JET  EXIT  VELOCITY  V.  is  primarily  responsible  for  the  sucking  action  of  a  jet, 
hence 

-  an  increasing  velocity  or  Mach  number  M.  increases  the  jet  entrainment,  i.e. 

the  drag.  •* 

a  The  JET  PRESSURE  RATIO  P,./P*  is  of  major  importance  with  respect  to  the  drag 
built-up:  ■* 

-  at  low  pressure  ratios  corresponding  to  subsonic  jet  velocities  the  displacement 
effect  "straightens"  the  flow  and  reduces  the  drag  compared  with  a  bluff  after¬ 
body, 

-  at  medium  pressure  ratios  the  increase  in  jet  speed  dominates  and  consequently 
the  drag  increases, 

-  at  high  pressure  ratios  the  blocking  action  of  the  jet  increases  the  afterbody 
pressures  and  reduces  the  drag  or  generates  even  a  thrust  force,  as  long  as  no 
separation  occurs. 

•  The  JET  TEMPERATURE  RATIO  T./T^  seems  to  interact  with  the  external  flow  in  two 

different  ways,  i.e.  ^ 

-  as  long  as  the  outer  contour  of  the  afterbody  is  insulated  against  the  internal 
flow  an  increased  temperature  reduces  the  drag,  but 

-  at  non-insulated  nozzles  the  coupling  between  flow  and  thermal  boundary  layer 
results  in  an  increased  drag. 

Concerning  the  afterbody  geometry  it  is  well-known  that 

•  the  BOAT  TAIL  ANGLE  0 

-  has  its  optimun  value  between  10  and  12°, 

-  a  smaller  angle  increases  the  local  friction  and  consequently  the  drag,  and 

-  a  steeper  gradient  generally  leads  to  separation 

and 

•  the  BASE  SURFACE  ratio  A. /A  should  be  as  small  as  possible  for  low  or  medium  jet 
pressure  ratios. 

In  sunmarizing  the  effects  discussed  above  and  especially  the  effect  of  the  jet  pressure  ratio,  in  figure  2 
a  typical  axial  force  built-up  at  transonic  speeds  has  been  plotted  against  the  pressure  ratio.  The  tests 
are  made  with  a  cold  as  well  as  with  a  hot  jet.  External  and  Internal  flow  are  carefully  Insulated  from 
each  other  to  avoid  a  thermal  coupling  of  both  flows. 


3-2  Jet  Impingements  on  Solid  Surfaces 

As  mentioned  above  the  jet  Impingement  problems  are  another  type  of  primary  Jet  Interactions. 

A  typical  example  of  application  is  the 

•  THRUST  REVERSER 

-  designed  to  decelerate  the  aircraft  by  turning  the  jet  exit  flow  approximately 
against  free  stream  direction, 

-  without  damaging  the  aircraft  or  provoking  an  engine  surge  due  to  recirculation, 
and 

-  resulting  in  structural  loads  at  the  reverser  up  to  twice  the  jet  exit  momentum. 

In  VTOL  aircraft  design  another  impingement  problem  has  to  be  solved,  namely  the 

•  GROUND  EROSION  problem, 

-  being  a  destructive  effect  of  jets  on  the  ground 

-  which  magnitude  depends  upon  jet  exit  temperature,  dynamic  head,  impact  time  as 
well  as  on  the  properties  of  the  ground. 

Also  in  designing  VTOL  aircraft  the  jet  impingement  forces  on  bodies  have  to  be  Investigated.  Hereby  it  is 
understood,  that 

a  JET  IHPINGEHENT  FORCES  are  forces  on  a  body  resulting  from  a  jet  which  dimensions 
are  small  compared  with  the  dimensions  of  the  body,  being  mostly 

-  a  consequence  of  the  so-called  FOUNTAIN  FLOW  -  see  section  A. 2  -,  and 

-  causing  an  additional  lift  but  also  heat  transfer  and  even  surge  problems. 

The  latter  flow  phenomena  are  of  special  importance  for  future  VTOL  designs  in  order  to  increase  their 
maximum  take-off  weight  MTOW  and  their  specific  range  R  .  They  strongly  depend  upon  the  body  shape  relative 
to  the  impinging  jet.  As  a  rough  indication,  in  figure  S  some  principal  results  are  shown,  see  (A).  Here 
a  jet  was  blown  against  a  cylindrical  cup,  a  convex  and  a  concave  hemisphere.  All  obstacles  had  a  diameter 
of  about  12  nozzle  diameters.  The  left  part  of  the  figure  shows  some  normalized  pressure  distributions 
along  the  obstacle  walls.  For  convenience  the  free  jet  velocity  distribution  has  also  been  indicated. 

From  such  pressure  distributions  the  momentum  could  be  calculated.  The  results,  relative  to  the  momentum 
acting  on  a  flat  plate  of  infinite  diameter,  are  shown  on  the  right  part  of  the  same  figure.  They  do  not 
have  the  desired  accuracy  for  design  purposes  but  indicate,  nevertheless,  the  usable  potential  of  such 
types  of  flow. 

A.  SECONDARY  JET  INTERACTIONS 

Secondary  jet  interactions  have  been  defined  above  as  interference  effects  of  the  jet-induced  flow 
field  with  the  free  stream  flow  past  ar.  aircraft. 

The  study  of  such  probiems  became  essential  with  the  design  of  VTOL  aircraft.  8ut  also  for  the  design  of 
modern  transport  aeroplanes  with  high  by-pass  engines  this  type  of  interference  needs  careful  considerat¬ 
ion. 

Therefore,  both  types  of  flow  interactions  are  discussed  below. 

A.1  Jet-Wing  Interactions  of  Transport  Aircraft 

Host  of  the  transport  aircraft  are  designed  for  podded  engines,  which  are  generally  installed  at  wing 
or  fuselage  stations.  As  a  consequence  of  the  high  by-pass  ratio  the  engine  diameter  is  rather  large  com¬ 
pared  with  the  dimensions  of  the  fuselage  or  wing.  Hence,  the  interference  problems  between  the  engine's 
displacement,  intake  or  exit  flow  and  the  wing/body  combination  or  the  tail  have  been  considerably  enlarg¬ 
ed.  This  has  to  be  taken  into  account  because  of  the  reduced  fuel  consumption  of  such  type  of  engines  and 
will  be  followed  by  increased  efforts  on  aeroplane  drag  minimization  research.  Furthermore,  at  low  speeds 
the  lifting  capability  of  the  powerplant  is  sometimes  part  of  the  high  lift  system  of  an  aircraft. 

In  general,  the  interference  effects  mentioned  are  problems  of  the  complete  powerplant  rather  than  purely 
jet  effects.  However,  the  jet  interactions  can  contribute  to  a  large  extent  and  need  a  careful  examination, 
therefore. 


A. 1.1  Jet-Wing  Interactions  at  Low  Speeds 

To  illustrate  the  jet  interaction  with  a  wing  some  test  results  on  lift  and  drag  are  shown  in  figure  A 
see  also  (S,  6).  The  tests  had  been  made  with  a  wing/body  combination  of  a  transport  aircraft;  the  jets 
being  simulated  by  calibrated  blown  nacelles,  supported  on  a  separate  sting  system. 

At  take-off  conditions  lift  and  drag  are  shown  for  engines  either  in  underwing-  or  upperwing  position.  In 
both  cases  the  jet  exit  has  the  same  distance  from  the  wing  leading  edge.  Also  the  absolute  height  above 
the  centre  line  has  been  maintained. 

With  reference  to  the  engine-off  tests  the  jet  clearly  results  in  a  ac|_-shift,  which  is  positive  for  the 
upperwing  and  negative  for  the  underwing  position  of  the  engine. 

Furthermore,  the  maximum  lift  of  the  upper-wing  engine  configuration  has  been  considerably  enlarged,  but  it 
remains  practically  unchanged  for  the  under-wing  engine. 

The  induced  drag  due  to  the  upper-wing  jet  has  equally  been  improved,  but  almost  no  change  has  been  tested 
for  the  under-wing  case.  In  addition,  a  remarkable  zero-lift  drag  for  the  latter  configuration  has  been 
measured,  which  was  due  to  the  jet's  touching  the  wing  lower  surface. 

Mot  shown  in  figure  A  are  results  of  an  increased  forward  speed  up  to  cruise  flight,  see  (6).  These  sup¬ 
plementary  tests  indicate  a  continuous  reduction  of  the  favourable  or  unfavourable  effects;  approaching 
approximately  the  engine-off  case  for  a  velocity  ratio  of  unity. 

The  analysis  of  the  results  clearly  underlines  the  role  of  the 
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•  JET  ENTRAINMENT 

-  being  a  sucking  action  of  the  jet 

-  which  is  in  a  first  order  linear  proportional  to  the  jet  exit/free  stream  velocity 
ratio. 

To  check  this,  some  informations  on  the  sucking  action  of  a  subsonic  jet  are  necessary.  Because  of  the 
linear  proportionality  the  problem  can  be  reduced  to  the  jet  characteristics  at  zero  free  stream  velocity. 

In  figure  5  such  a 

a  SUBSONIC  JET  with  its 

-  initial  or  potential  core  region, 

-  a  transition  region  and  finally 

-  the  main  region 

has  been  sketched,  see  e.g.  (S,  7).  With  the  assumptions  of 

-  unmixed  jet  exit  velocity  inside  the  core, 

-  similar  velocity  profiles  outside  the  core  as  well  as  in  the  main  region, 

-  momentum  conservation  in  the  entire  jet,  and 

-  linear  jet  spreadings 

the  relative  mass  flow  increase  can  be  calculated.  Defining  the 

e  ENTRAINMENT  as  the  GRADIENT  of  mass  flow  change  d(dl/mj )/d(x/R^ ) , 

its  value  can  be  easily  obtained  within  the  initial  or  main  region  and  can  be  interpolated  within  the  tran¬ 
sition  region.  A  typical  result  is  shown  in  the  lower  part  of  figure  5  "  see  (5,  9,  10)  -  which  is  in  good 
agreement  with  tests  (8).  Here  instead  of  the  entrainment  E  the  equivalent 

a  ENTRAINMENT  VELOCITY  V^  resp.  V^ 

has  been  plotted  against  the  Jet  path,  where  V^  defines  the  in-flow  velocity  at  the  jet  boundary,  and  V^ 
the  relevant  velocity  at  a  fictive  cylinder,  whose  diameter  is  equivalent  to  the  nozzle  diameter. 

The  results  shown  are  valid  for 

e  IDEAL  circular  NOZZLES,  having  no  flow  disturbances  at  the  Jet  exit  and,  therefore, 

-  a  relative  in-flow  velocity  V,  of  about  i%  in  the  initial  region  only,  or 

-  about  2,5^  relative  in-flow  velocity  V?  at  the  nozzle,  which  steadily  increases 
up  to  about  8^  at  the  begin  of  the  main  region,  and  remains  constant  throughout 
the  main  region. 

It  should  be  noted,  however,  that 

e  NON-OPTIMUH  NOZZLES  have  a  much  stronger  jet  decay,  which 

-  reduces  the  potential  core  length,  and 

-  shifts  the  maximum  entrainment  V^  closer  to  the  nozzle  exit. 

The  results  of  the  entrainment  evaluation  can  be  applied  to  jet-wing/body  interaction  calculations,  pro¬ 
vided  that  the  distance  between  the  jet  boundary  and  the  obstacle  is  large  enough  to  prevent  deformations 
of  the  jet  shape.  As  an  example  In  figure  6  the  pressures  on  a  wing  with  a  jet  in  upper-wing  position  are 
shown.  The  calculation  was  performed  with  the  help  of  a  panel  model  which  corresponds  to  the  test  set-up 
in  figure  k.  At  all  solid  surfaces  the  condition  of  zero  normal  flow,  at  the  jet  boundary,  however,  the 
estimated  in-flow  velocities  had  been  prescribed.  The  calculation  is  in  good  agreement  with  the  test  results 
as  long  as  the  distance  between  the  jet  axis  and  the  wing  chord  is  about  one  nozzle  diameter  or  even  more. 

Basically,  the  panel  model  can  also  be  applied  for  the  calculation  of  the  complete  engine  interference, 
taking  into  account  the  intake  and  displacement  flow  in  addit'ion.  Hereby  special  attention  has  to  be  paid 
to  simulate  the  correct  mass-flow  through  the  engine,  which  generally  needs  some  modifications  of  the  con¬ 
ventional  panel  model  singularity  distribution,  see  e.g.  (11). 

For  other  applications,  e.g.  such  as  upper  surface  blowing  the  simple  model  shown  above  is  no  longer  use¬ 
ful  because  of  the  strong  interactions  between  the  jet  and  the  wing/body  flow.  To  calculate  such  flows  a 
matching  procedure  has  recently  been  proposed,  coupling  an  inviscid  panel  code  with  a  viscous  code  re¬ 
presenting  the  jet  (12).  As  sketched  in  figure  7  the  complete  flow  field  has  been  divided  into  zones  which 
are  either  viscous  or  inviscid.  Both  zones  are  overlapping,  the  operlapping  region  being  the  zone  to  match 
the  boundary  conditions  of  both  flows.  The  calculation  is  repeated  as  long  as  the  viscous  and  inviscid 
solutions  is  the  overlapping  regions  have  sufficiently  converged  to  common  values. 

Such  types  of  calculation  procedures  seem  to  become  a  powerful  Instrument  in  the  prediction  of  Jet  inter¬ 
actions  with  solid  surfaces  for  the  future. 

As  an  example  of  the  results  obtained,  on  top  of  the  right  part  of  figure  7  the  lift  Increase  due  to  over¬ 
wing  blowing  has  been  given.  The  values  are  In  good  agreement  with  test  results  as  well  as  with  the  panel 
calculations  mentioned  above. 

At  the  lower  part  of  the  same  figure  the  pressure  changes  due  to  upper  surface  blowing  are  shown.  The 
pressures  celculated  outside  the  nozzle  are  equally  in  rather  good  agreement  with  experimental  results: 

The  blocking  action  of  jet  and  nozzle  reduce  the  lifting  pressures  on  the  forward  part  of  the  wing,  the 
Sucking  action  of  the  jet  increases  the  lift  on  the  rear. 


4.1.2  Jet  Interaction  at  High  Speeds 

At  high  speeds  the  jet  Interaction  Is  almost  entirely  considered  as  only  one  of  the  components  within 
the  complete  powerplant  Interaction  problem  to  be  solved  for  engine  systems  of  rather  large  dimensions  In¬ 
stalled  in  close  neighbourhood  of  wings  and  fuselages.  Especially  with  respect  to  the  drag  built-up  the 
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intake  as  well  as  the  displacement  flow  of  engines  and  pylons  are  considered  to  be  of  equal  or  even  higher 
importance  compared  with  the  contribution  of  jets. 

Hence,  in  general  a  simulation  of  the  complete  powerplant  rather  than  a  jet  alone  has  been  tried  in  most 
investigations,  see  (13,  '*♦,  15,  '6).  This  was  done  with  so-called  through-flow  nacelles  (TFN)  as  a  start¬ 
ing  point,  blown  nacelles  and  turbo-powered  simulators  (TPS);  the  latter  are  the  most  representative  ex¬ 
perimental  devices  existing  at  present. 

To  check  the  influence  of  a  Jet  on  the  pressures  induced  on  a  wing,  a  comparison  of  the  results  obtained 
in  use  of  turbo-powered  simulators  and  through-flow  nacelles  seems  to  be  helpful.  In  figure  3  such  a  com¬ 
parison  is  shown  for  a  transport  aircraft  with  conventional ly  fitted  engines,  cruising  at  high  speed,  see 
(13).  Pressures  have  been  measured  at  inboard  and  outboard  pylon  stations  both  on  the  upper  and  lower 
surface.  The  engine-off  case  as  the  datum  test  has  also  been  shown. 

Assuming  that  the  TFN  represents  the  intake  as  well  the  displacement  flow  accurately  enough,  the  pressure 
difference  between  both  tests  may  be  identified  as  the  influence  of  the  Jet,  as  marked  in  figure  8. 

This  leads  to  the  conclusion  that 

•  the  sucking  action  of  a  jet  basically 

-  reduces  the  negative  pressures  at  the  upper  surface  of  the  wing,  but 

-  increases  the  negative  pressures  at  the  lower  surface  such  that  even  shocks  are 
generated. 

With  the  help  of  figure  8  the  general  importance  of  a  Jet  representation  corresponding  to  the  full-scale 
jet  as  well  as  special  studies  on  the  jet  influence  may  be  derived.  However,  this  has  to  be  measured 
against  the  contribution  of  the  other  components  of  a  powerplant,  which  are  equally  or  even  more  sensitive 
with  respect  to  the  drag. 

To  demonstrate  this,  figure  9  -  see  (17)  -  gives  some  results  of  the  relative  drag  change  obtained  from 
model  tests  with  a  through-flow  nacelle  at  different  x-,  z-  and  toe-in  positions.  Bearing  in  mind  the  im¬ 
portance  of  a  It  drag  increase  or  reduction  in  the  profit  of  an  airline,  the  figure  drastically  under¬ 
lines  the  special  care  to  be  taken  with  respect  to  the  pov<erplant  positioning. 


4.2  Jet  Interaction  on  V/STOL-Ai rcraf t 
4.2.1  General  Jet  Properties 

To  develop  jet-lifted  V/STOL  aircraft  the  research  on  jets  in  ground  effect  (IGE)  as  well  as  out  of 
ground  effect  (0GB)  has  required  much  attention  in  the  past.  In  many  respects  such  jets  are  quite  different 
from  jets  discussed  so  far.  Basically 

•  VTOL-JETS  are  understood  as  a  combination  of 

-  FREE  JETS  swivelled  against  the  free  stream  flow  up  to  90°  or  more, 

-  WALL  JETS,  developed  on  the  ground  as  a  consequence  of  the  free  jet's  impingement, 
and 

-  JET  FOUNTAINS,  caused  by  the  upward  self-deflection  of  more  than  two  wall  jets. 

A  principal  sketch  of  the  three  components  has  already  been  shown  in  figure  1. 

In  general  the  properties  of  such  jets  are  defined  by 

•  a  SUCKING  ACTION  of  free  and  especially  wall  Jets  -  due  to  turbulent  mixing  with 
the  ambient  air  -  in  a  cross  flow,  which  speed  is  small  with  respect  to  the  jet 
exhaust  velocity, 

•  a  DISPLACEMENT  or  BLOCKAGE  EFFECT,  similar  in  some  respect  to  the  flow  past  solid 
bodies,  and  finally 

•  a  WAKE  EFFECT,  again  similar  in  some  respect  to  the  flow  past  solid  bodies  and 
especially  important  for  the  multi-jet  treatment. 

The  entrainment  of  a  free  or  wall  jet  at  zero  forward  speed  can  be  estimated  on  the  basis  of  simple  momentum 
conservation  and  geometrical  assumptions,  see  e.g.  (9,  10).  For  a  free  jet  this  already  has  been  discussed 
in  section  4.1.1.  For  the  other  properties  mostly  empirical  relations  or  semi -empi r i ca 1  formulas  have  to  be 
used.  The  dependency  on  numerous  empirical  constants  is  still  the  major  problem  in  predicting  such  flows. 

One  of  the  basic  questions  still  somewhat  open  is  the 

•  deformation  of  the  JET  SHAPE  and  CENTER  LIME  in  a  cross  flow, 

shown  in  figure  10.  Here  the  deformation  from  an  initially  circular  shape  via  horse-shoe  sections  into  a 
pair  of  counter-rotating  vortices  has  been  sketched  from  experimental  data.  In  addition  the  jet  axis, 
defined  by  points  of  local  maximum  total  head,  and  the  vortex  axis,  defined  by  points  of  maximum  vorticity 
are  shown  in  this  figure.  Both  lines  differ  distinctly  from  each  other.  In  absence  of  a  more  refined  theory 
the  question,  which  line  represents  which  effect  best,  cannot  accurately  be  answered.  From  experiments, 
however,  it  is  proved  that  force  effects  on  wing/body  combinations  are  quite  reasonable  represented  by  the 
jet  total  head  center  line,  but  for  downwash  problems  on  the  tail  the  vortex  axis  should  be  taken  into 
account. 

Since  most  of  the  prediction  problems  of  V/STOL  aircraft  are  lift  loss  problems,  research  on  total  head 
center  line  deformations  in  a  cross  flow  has  widely  been  experienced,  see  e.g.  (10).  An  empirical  formula 
which  was  successfully  used  in  practical  applications  is  shown  In  figure  11.  The  most  important  flow 
parameter  In  that  equation  is  the 

•  EQUIVALENT  VELOCITY  RATIO, 

-  being  the  square  root  of  the  dynamic  head  ratio  VT)® 

-  or  simply  the  velocity  ratio  U® /Vj  In  incompressible  flow^ 


1.. 
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tt  should  be  noted,  however,  that  the  relation  only  holds  for  almost  ideal  circular  jets.  Rectangular  Jets 
with  the  small  side  perpendicular  to  the  free  stream  flow  are  much  stiffer  and  consequently.  Jets  with  the 
long  side  perpendicular  to  the  wind  direction  are  considerably  weaker  with  respect  to  crosswinq  deformation. 

The  single  Jet  evaluations  discussed  so  far  are  primarily  important  for  the  general  understanding  of  Jet 
properties,  but  V/STOL  aircraft  normally  have  more  than  one  engine  or  Jet.  This  automat i ca I iy  leads  to  a 
mutual  interference  of  the  exhausting  jets.  From  tests  it  is  well-known,  that 

•  the  MUTUAL  INTERFERENCE  EFFECTS 

■  are  small  for  Jets  positioned  side  by  side  to  the  free  stream,  but 
-  highly  magnified  for  jets  positioned  in  line. 

Hence,  only  the  latter  case  needs  major  attention,  sec  (10).  To  estimate  the  mutual  interference  of  two 
in-line  Jets,  as  sketched  in  figure  12,  it  is  assumed  that 

-  the  front  Jet  is  to  be  treated  as  single  jet  with  negligible  interference  by  the  rear  jet; 

-  the  rear  jet  also  acts  as  a  single  jet,  but  in  a  reduced  free  stream  velocity; 

-  the  reduction  in  velocity  is  a  consequence  of  the  wake  behind  the  front  Jet,  following  fhe  properties  of 
wakes  past  three-dimensional  solid  bodies; 

-  the  slope  of  the  merged  Jet  axis  is  mainly  determined  by  the  rear  characteristics,  and 

-  finally  the  momentum  of  the  merged  jet  is  the  sum  of  the  front  and  rear  jet’s  momentum. 

As  shown  on  the  right  part  of  figure  12,  the  comparison  between  experiments  and  approximation  method  is 
apparent Iy  good. 


I*. 2. 2  Jet  Interactions  out  of  Ground  Effect  (OGE) 

One  of  the  most  critical  phases  during  the  flight  of  a  V/STOL  aircraft  is  the  so-cai led 

•  TRANSITION  PHASE,  defined  as  that  period  in  which  the  wing  lift  is  not  yet  or  any 
longer  sufficiently  developed,  and  the  aircraft  needs  Jet  i i ft  support. 

As  mentioned  in  the  preceding  sections,  the 

•  Sucking  action  of  a  jet  in  a  cross  flow  -  modified  by  displacement/wake  and  Jet 
deformation  effects  -  remarkably  reduces  the  lifting  force  of  the  Jets. 

This  is  demonstrated  on  the  right  part  of  figure  13.  see  also  e.g.  (9,  10,  I8,  19).  Here  the  relative  lift 
IossaL/T  has  been  plotted  against  the  equivalent  velocity  ratio  (u»/v.)  with  the  nozzle  swivelling  angle 
eras  paramter.  It  can  be  easily  seen  that  for  jets  with  an  axis  perpend-lcularly  to  the  free  stream  almost 
the  complete  jet  lift  will  be  cancelled  by  its  suction  at  higher  speed  ranges.  However,  not  shown  in  the 
figure  13  is  the  parabolic  development  of  wing  lift  working  against  the  adverse  effects  -  see  (l8)  such 
that  the  nozzles  can  be  continuously  swivelled  backwards  to  reduce  the  lift  loss  and  accelerate  the  air¬ 
craft  to  wing-borne  flight. 

It  is  of  fundamental  interest  for  any  designer  of  V/STOL  aircraft  to  predict  the  lift  losses  at  an  early 
design  stage  already.  Hence,  quite  a  number  of  engineers  and  scientists  have  established  prediction  methods 
in  the  past,  see  e.g.  (9,  10,  19.  20).  In  principle  they  all  use  panel  models  for  the  basic  aircraft  but 
differ  with  respect  to  the  implementation  of  the  jets  as  well  as  on  the  assumptions  made  for  its  proper¬ 
ties. 

To  illustrate  the  general  prediction  approach,  in  the  left  part  of  figure  13  a  procedure  which  correlates 
sufficiently  good  with  experimental  results  has  been  sketched: 

The  fighter-type  aircraft  has  been  represented  as  a  half-model  using  about  800  panels.  The  jet  center  lines 
are  calculated  as  in-line  jets  according  to  section  4.2.1  and  figure  12.  The  Jet  diameters  are  assumed  to 
be  constant  for  each  Jet,  corresponding  to  the  individual  nozzle  diameters  and  the  merged  Jet  section 
respectively. 

On  the  jet  surface  the  in-flow  velocity  V^  -  see  figure  5  ■  has  been  prescribed.  A  semi -empi ri cal  cross 
flow  correction  for  both  the  entrainment  and  the  blockage  -  see  (10)  -  was  introduced  to  modify  the  ideal 
boundary  conditions  at  zero  forward  speed  and  to  establish  a  final  jet  panel  model  of  about  800  panels. 

The  results  obtained  with  such  prediction  model  are  in  agreement  with  the  set  of  curves  shown  at  the  right 
hand  side  of  figure  13.  i .e.  with  experimental  work.  They  also  agree  fairly  well  with  flight  test  results. 
However,  it  should  be  noted  that  prediction  models  which  need  some  empirical  informations  from  model  test¬ 
ing  automatically  implement  any  divergence  between  model  and  full-scale  testing.  E.g.,  if  the  model  jets 
had  been  cleaned  up  to  almost  ideal  jets,  its  decay  is  less  strong  with  respect  to  the  aircraft  jets,  and 
consequently  the  full-scale  lift  losses  exceed  the  predicted  values. 


4.2.3  Jet  Interaction  in  Ground  Effect  (IGE) 

From  practical  experience  it  is  known,  that  an  aircraft  is  considered  to  be  in  ground  effect  as  long 
as  its  ground  clearance  is  less  than  about  one  wing  span.  The  jet  interactions  which  occur  during  the  time 
period  from  "Engine  Ingnition"  to  "Out  of  Ground  Effects"  strongly  depend  upon  the  take-off  or  landing 
procedure,  see  (18). 

in  principle  two  different  techniques  are  applied,  namely: 

•  TRUE  VERTICAL  TAKE-OFF  (TVTO)  and  ROLLING  VERTICAL  TAKE-OFF  (RVTO) 

The  RVTO  technique  is  mostly  used  to  avoid  severe  engine  recirculation  or  ground  erosion  effects  as  well  as 
to  perform  over- load  take-offs. 

Since  recirculation  and  ground  erosion  effects  are  beyond  the  scope  of  this  paper,  the  discussion  of  jet 
interaction  effects  is  concentrated  on  TVTO,  and  especially  on  its  worst  case,  which  is 
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•  HOVERING  in  ground  effect 

This  is  because  of  the  fact  that  a  rather  small  loss  in  the  predicted  lift-otf  potential  is  directly  pro¬ 
portional  to  a  considerable  decrease  in  the  range  of  an  aircraft. 

As  mentioned  above  and  shown  in  figure  lit  the 

•  JET  SYSTEM  in  HOVERING  generally  consists  of  three  parts,  namely 

-  the  FREE  JETS 

-  the  WALL  JETS  and  finally 

-  the  JET  FOUNTAINS 

In  absence  of  any  forward  speed  the 

•  SUCKING  ACTION  of  free  and  wall  jets  due  to  the  entrained  ambient  air  is 
responsible  for  a  severe  SUCK-DOWN  EFFECT  on  the  aircraft 

This  is  shown  in  figure  lA  by  the  dotted  line  at  the  right  hand  side.  The  lift-loss  is  mainly  caused  by  the 
wall  jet  entrainment.  At  small  ground  clearances  it  can  easily  be  in  the  order  of  the  total  installed  thrust, 
provided  that  the  engines  are  concentrated  in  the  middle  of  a  wing  and  the  vertical  distance  between  wing 
and  nozzle  exit  is  small  enough.  Hence,  an  aircraft  designed  in  such  a  manner  could  never  take-off  vertically. 
But  even  for  an  aircraft  with  well -spaced  nozzles  the  lift  loss  due  to  the  suck-down  effects  at  small  ground 
distances  will  be  in  the  order  of  lOt  to  20t  of  the  total  installed  thrust.  As  shown  in  figure  lA  it  de¬ 
creases  continuously  with  increasing  height  h  above  ground,  generally  related  to  the  wing  span  b. 

At  heights  above  ground  in  the  order  of  about  a  wing  span  the  aircraft  is  considered  to  be  out  of  ground 
effect.  The  remaining  suction  loss  is  still  in  the  order  of  about  1  or  2%  of  the  installed  thrust.  This  is 
the  sucking  action  of  the  free  jets  alone  at  zero  forward  speed.  Compared  with  the  sucking  action  of  wall 
jets  their  amount  is  evidently  much  smaller.  However,  the  final  loss  again  depends  upon  the  jet  exit  pro¬ 
perties,  as  discussed  before. 

Since  most  aircraft  have  more  than  one  exit  nozzle,  and  the  distance  between  the  nozzles  usually  is  of  the 
order  of  some  diameters,  the  free  jets  impinge  the  ground  independently  from  each  other  as  single  jets. 

On  the  ground  any  free  jet  is  transformed  into  a  wall  jet.  The  individual  wall  jets  meet  together  at  the 
so-cal led 

•  STAGNATION  LINE,  which  is  understood  as  a  line  on  which  the  normal  momentum  components 

of  the  wall  jets  cancel  each  other  and  only  a  tangential  in-  or  out-flow  exit,  therefore. 

This  is  also  shown  in  figure  lA.  Of  special  interest  are  the 

•  STAGNATION  POINTS,  which  divide  the  in-flowing  from  the  out-flowing  momentum  along 
such  lines; 

If  the  impingement  points  of  the  single  jets  as  well  as  the  stagnation  points  are  known,  the  total  in-flow¬ 
ing  wall  jet  momentum  can  be  evaluated.  It  can  easily  be  seen  that  such  a  flow  must  separate  from  the 
ground  in  a  point  on  which  the  total  inner  momentum  flows  meet  together.  This  point  is  called  fountain 
origin  whereas  the 

•  FOUNTAIN  JET  MOMENTUM  is  the  sum  of  the  in-flowing  momentum  parts  of  all  contributing 
wall  jets,  and 

-  three  jets  are  at  least  necessary  to  form  such  a  flow. 

As  shown  in  figure  lA 

•  a  FOUNTAIN  JET  can  considerably  reduce  the  lift  loss  and  even  result  in  a  positive 
lift,  however,  it  should  be  equally  noted  that 

-  it  can  contribute  to  severe  recirculation  problems. 

Furthermore,  the  fountain  jet  may  not  be  compared  with  a  steady  up-flow.  There  is  always  a  more  or  less 
strong  vortex  flow  superposed;  oscillating  with  rather  low  frequencies  on  the  ground  and  consequently  on 
the  aircraft,  too. 

The  prediction  of  I GE-qnteractions  is  still  troublesome  with  respect  to  the  fountain  flows. 

The  calculation  of  the  suck-down  interaction  can  be  done  with  the  help  of  conventional  panel  codes,  as 
sketched  in  figure  15.  In  a  similar  way  as  described  for  the  transition  effects  both  the  aircraft  as  well 
as  the  free  and  wall  jets  are  to  be  simulated  by  a  panel  network  with  a  cutout  of  all  regions  of  fountain 
flows.  Along  the  solid  surfaces  the  conventional  boundary  condition  of  zero  normal  velocities  exists,  but 
on  the  jet  boundaries  the  local  in-flow  velocities  have  to  be  prescribed. 

The  result  of  such  a  calculation  for  a  fighter-type  aircraft  is  shown  in  figure  15.  To  obtain  the  suck-down 
effects  the  aircraft  was  treated  as  a  half  model,  represented  by  about  800  panels.  For  the  free  jet  simulat¬ 
ion  about  150  and  for  the  wall  jets  only  about  100  panels  have  been  used.  The  predicted  suck-down  effects 
are  in  rather  good  agreement  with  experimental  results. 

To  estimate  the  fountain  lift  effects,  the  jet  foot-prints  and  especially  the  stagnation  lines  have  firstly 
to  be  predicted  -  see  (10,  19)  -,  giving  the  total  fountain  momentum  and  its  origin  on  the  ground.  The 
conversion  of  the  fountain  jet  into  a  lift  force  belongs  to  the  problems  of  primary  jet  interactions  as 
discussed  in  section  3.2.  Unfortunately,  up  to  now  no  appropriate  method  is  known  and,  hence,  the  conversion 
has  to  be  done  with  a  rather  limited  experimental  information. 

The  output  of  such  a  fountain  lift  estimate  is  equally  shown  in  figure  15,  indicating  a  rather  significant 
lifting  action  of  the  fountain  jet. 

The  superposition  of  both  the  suck-down  and  the  fountain  lift  estimate  is  indicated  in  figure  15  below, 
together  with  some  experimental  data.  The  agreement  is  quite  good,  but  the  position  of  the  maximum  lift 
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gain  could  not  be  accurately  predicted.  It  is  assumed  that  this  is  mainly  the  consequence  of  the  open 
problems  in  fountain  flow  prediction  and  especially  in  converting  a  jet  momentum  into  a  lifting  force. 


li.i  Unsteady  Jet  Interactions  at  Low  Speeds 

The  Jet  interactions  discussed  so  far  are  exclusively  related  on  steady  state  interference  problems. 

In  order  to  solve  such  problems  the  description  of  a  jet  by  its  mean  values  was  quite  successful,  as 
shown  In  the  previous  sections,  although  the  turbulent  mixing  between  Jet  flows  and  ambient  air  is  an  un¬ 
steady  process  by  nature. 

However,  especially  at  low  speeds  Jet  induced  buffet-like  interactions  have  sometimes  been  observed,  which 
are  only  to  be  explained  from  the  unsteadiness  of  a  Jet.  The  effects  have  to  do  with  the  installation  of 
large  high  by-pass  engines  in  close  proximity  of  wings,  fuselages  or  tails.  For  such  types  of  installation 
the  Jet  boundary  is  also  in  close  proximity  to  the  solid  surfaces,  and  the  Jet  velocities  in  the  outer 
part  are  of  the  same  order  of  magnitude  the  free  steam  velocities  are.  In  addition,  the  Jet  spreading  has 
its  maximum  at  zero  forward  speed. 

To  review  the  situation  in  figure  16  some  simple  test  informations  have  been  compared.  Hereby  it  is  assumed 
that  the  steady  flow  measurements  are  done  with  pitot  probes,  but  the  unsteady  information  was  obtained 
from  hot-wire  anemometers  or  lasers.  In  both  cases  the  static  pressure  inside  the  Jet  should  be  equal  to 
the  ambient.  As  it  is  well  known,  for  the 

•  STEADY  JET  FLOW  a  velocity  profile  -  as  shown  on  top  of  figure  16  -  will  be  measured, 

-  which  is  similar  for  all  other  axial  stations  downstream,  and 

-  indicates  a  linear  jet  spreading  R(x),  whereby  the  spreading  angle  depends  upon 
the  definition  of  the  jet  boundary  as  well  as  upon  the  test  equipment  resolution. 

Repeating  the  tests  e.g.  with  a  hot-wire  anemometer  or  laser  the 

•  UNSTEADY  JET  FLOW  tests  naturally  result  in  the  same  mean  values, 

-  the  time  history  indicates  turbulent  mixing  signals  at  the  inner  part  of  the  jet, 
but  furthermore 

-  stochastically  distributed  periods  of  unmixed  laminar  flow  well  inside  the 
jet,  as  wel I  as 

-  periods  of  turbulent  mixing  well  outside  the  steady  jet  boundary. 

The  latter  results  obviously  demonstrate,  that  the 

•  REAL  JET  BOUNDARY  R(x)  fluctuates  at  any  axial  station  across  the  steady  jet 
boundary  R(x). 

This  fluctuation  is  a  normal  property  of  the  turbulent  mixing  process,  but  it  also  depends  upon  the  Jet 
exit  flow  conditions.  Hence, 

•  the  FLUCTUATIONS  of  a  JET  BOUNDARY  are  also  controlled  by  the  individual  Jet  exit 
properties  as  well  as  by  the  matching  of  the  fan  and  generator  flow  of  a  by-pass 
engine. 

Unfortunately,  little  information  about  such  fluctuations  obtained  from  testing  engine  or  aircraft  models 
can  be  used  to  predict  full-scale  problems. 

To  get  a  better  insight,  in  figure  17  a  procedure  has  been  sketched,  which  allows  the  evaluation  of  the 
intermi ttency  of  a  jet.  Hereby 

•  I NTERMI TTENCY  is  defined  as  the  time  period  of  turbulent  mixing,  compared  with  the 
total  testing  time, 

-  giving  a  first  Information  of  the  fluctuating  nature  of  a  Jet  at  any  point  of  the 
associated  flow  field. 

To  obtain  the  i ntermi ttency  factor  a  triggering  device  can  be  used,  separating  turbulent  from  laminar 
events,  and  counting  the  turbulent  time  periods  as  well  as  the  total  time. 

As  a  result  of  such  tests  the  right  hand  part  of  figure  17  shows  a  typical  result  obtained  from  experiments 
on  rather  clean  nozzles; 

Based  upon  the  steady  state  Jet  boundary,  temporarily  the  unsteady  boundary  can  be  well  inside  to  about 
0.6  R,  but  it  also  can  be  well  outside  up  to  about  1.5%  of  the  steady  state  jet  radius.  Since  within  the 
mixing  layer  large  eddies  exist,  these  eddies  can  impinge  the  aircraft  and  sometimes  result  In  dynamic 
problems  as  mentioned  before. 

Such  potential  problems  have  been  observed  on  powerplant  installations  in  close  proximity  to  wings, 
fuselages  or  tails.  They  are  generally  restricted  to  low  speeds  and  are  not  a  serious  problem  in  cruise 
flight.  Nevertheless,  for  future  design  work  and  aircraft  optimization  a  more  detailed  information  seems 
to  be  of  high  value. 


5.  CONCLUSION 

Since  about  40  years  an  outstanding  progress  in  aircraft  and  engine  design  has  been  mad'e.  This  includes 
the  optimization  of  positive  as  well  as  the  minimization  of  negative  aspects  on  jet  interactions  with 
respect  to  neighbouring  surfaces. 

To  Illustrate  the  broad  field  of  such  Interactions  some  examples  of  primary  and  secondary  interference 
phenomena  have  been  reviewed,  concerning  subsonic/sonic  jets  within  the  range  from  zero  forward  speed  up  to 
the  transonic  flight  regime.  This  has  been  done  specifically  with  respect  to  actual  problems  of  mixlern 
transport  aircraft  design  as  well  as  with  respect  to  the  renewed  Interest  in  military  Jet-V/STOL  aircraft. 

The  discussion  of  the  described  interaction  problems  shows,  that  the  phenomena  are  principally  quite  well 
understood,  In  spite  of  the  complex  nature  of  such  flows.  The  prediction,  however,  is  still  somewhat  limited. 


This  is  due  to  the  still  existing  difficulties  in  the  theoretical  modelling  of  three-dimensional  turbulent 
flows,  which  will  be  a  permanent  challenge  for  the  future.  But,  as  it  has  been  shown,  some  specific  problems 
can  be  handled  on  the  basis  of  potential-theoretical  flow,  provided  that  the  boundary  conditions  are  proper¬ 
ly  given.  Unfortunately,  such  informations  are  missed  very  often,  also  because  of  the  lack  of  full-scale 
engine  test  data  to  replace  the  simplified  model  test  results. 

With  respect  to  the  progress  made  in  the  past,  however,  it  is  assumed,  that  the  open  questions  discussed 
above  will  be  answered  in  the  near  future  already. 
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SOMMARy 

The  scope  of  Che  present  paper  is  the  study  of  the  shear-stress  field  produced  by 
simple  and  multiple  circular  jets  impinging  on  a  plane  surface  with  either  normal,  obli¬ 
que  or  parallel  incidence. 

The  mean  shear-stress  distribution  produced  by  a  single  normal  jet  was  measured 
with  a  Preston  tube  and  a  law  for  the  radial  variation  of  Ty  is  proposed  for  the  wall  jet 
region.  Measurements  of  the  shear-stress  fluctuations  with  a  hot-film  sensor  showed  that 
the  intensity  of  the  fluctuations  is  small  compared  with  Che  shear-stress  mean  value. 

An  erosion  technique  was  employed  to  evaluate  the  shear-stress  field.  The  calibra¬ 
tion  of  the  technique  for  sand  particles  was  done  in  the  flow  produced  by  a  normal  jet. 
The  variation  of  and  lines  of  constant  shear-stress  were  obtained  for  oblique  and  pa¬ 
rallel  impingement.  In  the  latter  case  a  dual  jet  arrangement  was  also  considered. 

An  analytical  model,  based  on  Reichardt's  inductive  theory  of  free  turbulence,  is 
developed  for  the  description  of  the  mean  properties  of  the  flow  produced  by  single  and 
dual  jets  parallel  to  the  plane. 


STMBOLS 

D  Nozzle  diameter 

H  Height  of  Che  jet 

Ro  Jet’s  Reynolds  number 

Rj.  Local  Reynolds  number 

R  Particle's  Reynolds  number 

Uo  Jet  exit  velocity 

d  Mean  size  of  the  particles 

k.ko  Free  jet  constants 

k',ko  Parallel  jet  constants 
r  Radial  cilindrical  coordinate 

u,v,w  Velocity  components 


1.-  INTRODUCTION 

The  interaction  of  single  and  multiple  jets  with  a  solid  surface  arises  in  many 
practical  applications,  namely  in  connection  with  V/STOL  aircraft  when  operating  near  or 
on  the  ground.  One  of  the  effects  of  this  interaction  is  the  projection  of  solid  particles 
or  even  the  actual  erosion  of  Che  terrain.  This  effect  is  closely  related  to  the  shear- 
-stress field  produced  by  the  flow  on  the  surface. 

The  complexity  of  the  flow  makes  it  difficult  to  predict  the  shear-stress  distri¬ 
bution  entirely  by  analytical  means,  therefore  recourse  is  had  to  experimental  data.  Most 
of  the  available  techniques  require  tedious  point  by  point  measurements  in  order  to  obtain 
a  detailed  description  of  the  shear-stress  field.  Some  other  techniques  are  qualitative 
in  nature,  giving  only  a  visual  description  of  the  flow,  that  may  be  useful  but  not  suffi¬ 
cient  in  many  cases.  In  Che  present  paper  use  is  made  of  an  erosion  technique  that  gives 
an  immediate  quantified  description  of  the  shear-stress  distribution  on  the  surface. 

The  study  was  carried  out  with  circular  turbulent  jets  set  either  at  normal,  obli¬ 
que  or  parallel  incidence  on  a  smooth  flat  plate.  In  the  latter  case  a  dual  jet  configu¬ 
ration  was  considered  in  order  to  test  Che  applicability  of  the  experimental  technique 
and  analytical  model  used  for  multijet  situations.  The  main  objective  of  the  study  was 
the  characterization  of  Che  mean  shear-stress  field  on  the  surface. 

The  flow  produced  by  the  normal  jet  was  employed  to  calibrate  the  erosion  technique 
which  was  Chen  applied  to  the  study  of  oblique  and  parallel  jets  for  several  configurations. 
An  analytical  model,  based  on  Reichardt's  theory  of  free  turbulence, was  developed  for  Che 
case  of  a  single  and  a  dual  jet  parallel  do  Che  surface.  The  agreement  found  between  ex¬ 
perimental  results  and  the  model  predictions  validate  the  assumptions  made  in  its  deriva¬ 
tion  and  gives  an  indication  that  it  should  be  equally  applicable  to  more  complex  flow 
situations . 


2.-  BRPERIilRHTAL  SBTPP 

In  the  experiments  use  was  made  of  a  sec  of  different  nozzles  fed  with  compressed 
air.  Most  of  the  single  jet  experiments  were  made  with  nozzles  of  Internal  diameter  D>3.91 
mm  and  8.74mm.  The  nozzles  that  were  used  in  the  dual  jet  experiments  had  D>3.0  and  4.0mm. 

The  jet  exit  velocity  Ug  was  always  subsonic.  The  value  of  Uq  was  calculated  from 
thenozzle  total  pressure  and  ambient  condition  values,  assuming  isentropic  flow  conditions. 


u^  Friction  velocity 

x,y,z  Cartesian  coordinates 

U  Velocity  coefficient 

V  Cinematic  viscosity 

Cl»C2  Non  dimensional  coordinates 

p  Density  of  the  air 

Tw  Shear-stress  on  the  wall 

Tc  Critical  shear-stress 

1^0  Angle  of  incidence  of  the  jet 

111  Shear-stress  coefficient 


The  nozzle  unit  was  mounted  on  a  structure  which  could  be  set  at  different  angles 
and  distances  from  the  solid  boundary.  This  consisted  of  a  plate  of  plastic  laminated  ma¬ 
terial  of  the  type  currently  used  in  the  manufacture  of  blackboards.  Its  surface  was 
smooth,  though  not  polished. 

Mean  values  of  the  velocity  and  shear-stress  were  obtained  with  a  round  total  pres¬ 
sure  tube  used  either  as  a  pitot  tube  or  a  Preston  tube.  As  the  static  pressure  was  equal 
to  the  ambient  pressure  almost  everywhere  for  Che  flows  that  were  studied,  the  total  pres¬ 
sure  reading  was  a  direct  measure  of  the  dynamic  pressure.  Some  measurements  made  with  a 
pitot-static  probe  checked  this  assumption.  The  Preston  tube  was  calibrated  using  the  re¬ 
sults  of  Head  &  Ram  {1}  and  its  validity  was  verified  in  a  fully  developed  smooth  pipe 
flow. 


Some  turbulent  characteristics  were  determined  using  constant  temperature  hot-wire 
probes  and  a  Disa  anemometer  unit.  Measurements  of  shear-stress  fluctuations  were  also 
made  with  a  hot-film  flush  mounted  probe,  operated  at  constant  temperature  with  the  same 
electronic  equipment.  The  calibration  of  this  probe  was  performed  directly  on  the  jet  flow 
using  the  results  obtained  with  the  Preston  tube. 

A  detailed  description  of  Che  experimental  equipment  is  to  be  found  in  Viegas  {2}. 

3.-  MORMAL  JKT 

The  flow  produced  by  a  circular  turbulent  jet  impinging  normally  on  a  flat  plate 
is  sketched  in  figure  1,  together  with  the  main  symbols  used. 


Figure  1  -  Normal  Jet  Flow 


This  flow  has  been  described  and  studiedby  several  authors  (Ref . { 3 } to{ 8 } ) .  Most 
of  these  authors  studied  the  mean  pressure  and  velocity  fields,  as  well  as  their  turbulent 
caracter istics ,  either  in  the  impact  region  or  in  the  radial  wall  jet.  However,  as  already 
mentioned,  the  main  purpose  of  the  present  paper  is  the  shear-stress  distribution  on  the 
plane  surface.  In  the  case  cf  the  normal  jet  stress  fluctuations  were  also  studied  in  or¬ 
der  to  evaluate  the  magnitude  of  the  error  involved  in  the  erosion  technique. 


The  shear-stress  Ty  at  the  vail  can  be  represented  by  the  non  dimensional  paramete 


2  T 


P  Uo 


(1) 


which  is  a  function  of  r/H  and  of  Che  jet's  Reynolds  number 

Uo  D 

R  -  - 


(2) 


For  the  impact 

^  - 


region  (r/H<  0.2)  ref.  {6}  presents  the  following  expression: 
0.0576{l-exp(-ll4(-^)^)-|-}-  3.02  -^  { exp  ( - 1 1 4  ( -^)  ^  } 


(3) 
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which  represents  the  experimental  results  quite  well  for  r/H<0.3,  as  is  shown  in  figure  2, 
For  the  wall  jet  region  can  be  expressed  by: 

1'  ■  8  (-5-)  (4) 

where  both  ^  and  £  are  slowly  varying  functions  of  .  The  present  measurements,  together 
with  chose  of  {3},{5}  and  {6},  showed  that: 

s  -  0.214  (5) 

t  -  -  0.878  (6) 

Substituting  Eq.  (5)  and  (6)  in  (4)  one  obtains: 


,  -  0.214  -0.878  Ro“-'-“ 

The  experimental  results  are  shown  in  figure  2,  in  comparison  with  the  curves  gi¬ 
ven  by  Eq.  (3)  and  (7)  for  several  values  of  R^. 


to  10%  in  the  range  of  the  present  measurements.  In  turbulent  fully  developed  pipe  flow 
the  same  behaviour  and  values  of  the  same  order  were  found  by  others,  namely  {12}  and  {13}  . 


4.-  EROSION  TECHNIQUE 


When  a  jet  impinges  on  a  plate  covered  by  a  thin  layer  of  uniform  particles,  they 
can  be  entrained  by  the  flow  and  an  erosion  figure  thereby  formed.  Its  shape  and  size  de- 
pend  on  the  flow  configuration  and  velocity,  and  on  the  c ha rac t e r i s t i c s  of  the  particles. 
If  the  velocity  of  the  jet  is  raised  the  size  of  the  figure  will  increase  until  an  equi- 
brium  state  is  attained  in  which  the  particles  do  not  move. 

The  erosion  ter^nique  is  based  on  the  fact  that  the  critical  shear-stress  that 
is  necessary  to  inicii.  :he  movement  of  particles  of  a  definite  size,  shape  and  density 
is  practically  constant,  provided  the  particles  are  small  enough  to  be  well  embeded  in 
the  cons. ant  shear-stress  layer. 

Sand  particles  were  used  in  the  present  experiments.  They  were  carefully  sifted 
and  samples  of  relatively  uniform  size  were  used.  The  samples  that  were  most  commonly  u- 

sed  had  mean  sizes  d>0,30mm  and  0.42mm.  For  each  size  the  value  of  Tq  was  found  to  depend 

on  the  density  of  distribution  of  the  sand  over  the  plate.  A  density  parameter  "y defined  by 

Y  =  -f-  (8) 

was  introduced.  P  is  the  weight  of  a  sample  of  sand  distributed  on  a  unit  area,  and  Pq  is 
the  weight  of  a  compact  distribution  on  the  same  area  of  spheres  of  the  same  size  and  den¬ 
sity. 

The  measurement  of  was  done  using  the  flow  produced  by  the  normal  jet.  Given 

the  axlsymmetry  of  this  flow,  the  erosion  figures  are  aproxlmately  circular,  as  can  be 

seen  in  the  sample  photos  shown  in  figure  4. 


f 


c 


Figure  4  -  Same  typical  erosion  figures  produced  by  the  norf^al  jet.  1  = 

Y  =  0.25:  (a)-R  xlo'^'O-gSi  T  -O.CaSPai  i b ) - 2 . 9 2  ;  '  .  :  e  ‘  i  (c!  -.9S,  . 

-  r  c 

Y  =  0.63:  (cJ  ) -5 . 48  ;0. 108. 


The  value  of  at  the  edge  of  each  figure  was  computed  using  Eq.  (3)  or  (7).  The 
results  of  this  calibration  are  represented  in  figure  5  for  the  sand  with  d*0.30mm,  for 
different  values  of  y.  The  abcissa  of  this  figure  is  the  local  Reynolds  number 


R 


r 


As  can  be  seen,  for  Rj.  greater  than  about  10^,  the  value  of  ispractically  cons¬ 
tant.  Therefore  a  value  can  be  assumed  for  this  regime,  which  is  independent  of  the 
large  scale  properties  of  the  flow  and  depends  mainly  on  the  local  properties  of  the  boun¬ 
dary  layer,  as  was  stated  before.  The  dipersion  of  the  experimental  points  is  less  than 
14%,  which  is  consistent  with  the  order  of  magnitude  of  the  shear-stress  fluctuations  and 
the  errors  involved  in  the  evaluation  of  the  erosion  figure  contour.  This  results  in  an 
overall  precision  that  is  comparable  with  that  of  other  techniques. 

The  particle's  Reynolds  number  R^  defined  by: 
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Erosion  tests  were  made  for  several  configurations,  varying  the  parameter  H/D  be¬ 
tween  15  and  80.  The  angles  of  incidence  were  15,30,45  and  60°.  The  validity  of  the  pre¬ 
vious  calibration  was  checked  for  the  oblique  and  parallel  jet  0°  respectively). 

The  results  of  the  erosion  tests  for  these  cases  showed  a  good  agreement  with  direct  mea¬ 
surements  of  using  the  Preston  tube,  thus  confirming  the  assumptions  that  were  made 
about  the  independence  of  Tc  on  the  large  scale  flow  properties. 

The  maximum  value  of  Ty  on  the  plane  is  associated  to  the  most  severe  interaction 
between  the  jet  and  the  surface,  which  makes  its  knowledge  of  great  practical  importance. 
Some  tests  with  the  normal  jet  showed  that  this  maximum  value  depends  on  Ro  and  H. 

Using  the  erosion  technique  aproximate  values  of  ipm  were  obtained  for  different  angles  of 
incidence.  These  are  shown  in  figure  7. 


Figure  7  -  Maximum  shear-stress  coefficient  for  different  angles  of  incidence 


It  was  found  that  ilig,  varies  aproximately  with: 

i(i^  •  0.46  sin^  (Jg  (12) 

as  is  shown  in  the  figure.  Noting  that  B-H/sin<^g  is  the  distance  along  the  jet  axis  from 
the  nozzle  to  the  plate  and  using  the  definition  of  i)i ,  one  gets: 

■tm  “  T  P"o 

This  result  means  that  the  maximum  value  of  Che  shear-stress  is  related  to  the 
distance  of  development  of  the  jet  before  impingement,  wathever  the  angle  of  impingement 
may  be.  The  same  behaviour  was  observed  for  the  stagnation  pressure  by  {4}  and  {14}. 


Outside  the  impact  region  Ty  decreases  also  according  to  a  power  law  similar  to 
that  of  Eq.  (4).  Representing  by  xi  and  X2  the  abcissae  of  the  edges  of  the  erosion  figu¬ 
re,  located  respectively  at  the  right  and  at  the  left  of  the  stagnation  point  (cf.  figure 
6),  one  can  define  the  non  dimensional  coordinates  and  ^2  ^7* 


(14) 


(15) 


The  results  obtained  for  different  angles  of  incidence  are  shown  in  figure  8  (a) 
and  (b)  respectively  for  and  ^2’ 

The  values  of  £  and  £  in  Eq.  (4)  for  the  oblique  jet  are  shown  in  figure  9.  In 
this  figure  the  values~of  ^  and  are  related  by: 


(ti  <  90° 
^  >  90° 


♦  ■  410 

•  180  -  60 


(16) 


The  contour  of  the  erosion  figures  cen  be  assumed  to  be  lines  of  constant  shear- 
stress  values  on  the  plane.  As  for  the  oblique  jet  the  flow  is  no  longer  axisymmetric  it 
could  be  expected  some  variation  of  T ^  ocurring  along  the  erosion  contour.  However  bearing 
in  mind  the  results  shown  in  figure  5  it  is  reasonable  to  neglect  this  variation  as  it 
must  be  very  small. 

From  the  photos  obtained  during  the  erosion  tests,  lines  of  constant  shear-stress 
were  drawn  for  the  different  cases  that  were  studied.  These  are  shown  in  figure  10. 
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Figure  10  -  Lines  of  constant  shear-stress 


An  interesting  property  of  these  lines  is  that  they  are  similar  for  each  angle  of 
incidence.  This  was  found  by  reducing  them  to  the  same  lenght.  The  collapse  of  the  lines, 
although  presenting  some  scatter,  allows  the  definition  of  mean  lines  for  each  value  of 
These  are  shown  in  figure  11. 


The  shape  of  constant  shear-stress  lines  is  very  similar 
lines  presented  by  {14}.  Two  of  these  lines  for  ((o>30  and  60°  are 
10.  Their  actual  size  is  that  shown  by  the  shaded  area.  They  have 


to  the  constant 
represented  in 
been  magnified 


pressure 
figure 
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Figure  11  -  Shapes  of  constant  shear - stres''  lines  for  different  angles  of  Incidence 

6.-  PARALLEL  JETS 

Considering  two  parallel  jets  with  the  same  characteristics,  located  on  the  OZ  axis, 
figure  12,  following  {16}, {17}  and  {2}  it  is  found  that  the  dynamic  pressure  at  a  point 
Q(x,y,z)  is  given  by: 

7  V  7  7  7 

^  .  H  ,  ,  /  o  »  ,  V*  +z'  +  1,  ,  2z' 

-  2  (-p-)  exp  (-  ^ - )  cosh  -  (17) 

°  (kx')^  (kx')^ 

where  k  and  k^  are  characteristic  constants  of  the  jets  and: 

x'*  x/H  ;  y'*  y/H  ;  z'«  z/H  (18) 


Figure  12  -  Geometry  definition 


Introducing  the  velocity  coefficient 


Eq.  (17)  shows  that  for  two  free  jets  u  does  not  depend  explicitely  on  H/D, 
Making  z>0  and  y~0  in  (17)  one  gets  respectively: 

,  Jl^  exp  (-  -1^) 

^  x'  2(kx’)2 


exp{-(2 — ^^^)) 


2(kx')' 


(kx')* 


These  equations  give  the  velocity  profiles  on  XY  and  XZ  planes  respectively. 

The  present  analytical  model  predicts  the  atachment  of  the  two  jets,  which  after 
some  distance  (x  40H)  behave  like  a  single  circular  jet  with  characteristics  similar  to 
the  original  ones.  A  detailed  analysis  of  this  model  and  its  agreement  with  experimental 
results  can  be  found  in  {2}. 


Considering  only  non  negative  values  of  ^  in  Eq .  (17),  this  model  can  be  used  to 
study  the  interaction  of  a  single  jet  parallel  to  the  plane  XY . 

Velocity  profiles  given  by  Eq.  (21)  are  compared  with  experimental  curves  in  fi¬ 
gure  13.  The  agreement  is  quite  good  except  in  a  small  region  close  to  the  surface,  as 
could  be  expected  because  of  the  no-slip  condition  at  the  wall. 


In  this  equation  k  and  ko  were  replaced  by  k'  and  k ’ .  Their  values  were  determined  experi¬ 
mentally  by  comparison  of  the  curve  of  Eq.  (22)  with  direct  measurements  of  !«.  The  best 
correlation  was  obtained  with  ko*0.46  and  k'*0.11. 

Solving  Eq.  (22)  in  order  to  y'  one  obtains: 


Figure  14  -  Some  erosion  figures  produced  by  a  single  parallel  Jet  M/o-1.0. 

(a)-U  -15.5m/sj  lix10^»4.2>  ( b ) -21 . 9 » 2 .  B  i  (  c  ) -4  3 . 8  i  0 . 60 1  I  d  )  -  68 . 1  i  0 . 30 . 


7.-  CONCLUSION 


The  present  paper  showed  that  it  is  possible  to  study  the  shear-stress  field  pro¬ 
duced  by  a  complex  flow  —  such  as  that  of  turbulent  jets  impinging  on  a  plane  surface — 
by  means  of  the  erosion  technique. 

Mean  shear-stress  measurements  for  the  normal  jet  agreed  with  previous  results 
and  a  more  general  law  for  the  radial  t„  decaying,  including  Reynolds  number  effect,  was 
proposed.  The  constant  shear-stress  lines  obtained  in  the  oblique  jet  showed  a  similarity 
for  each  value  of  the  angle  of  incidence. 

The  experimental  results  obtained  with  parallel  single  and  dual  jets  were  quite 
consistant  with  the  analytical  model  proposed,  both  for  mean  velocity  and  shear-stress 
fields.  The  application  of  the  present  model  and  technique  to  mote  complex  flow  situations 
—  asymmetrical  or  multiple  jets  —  is  s taightf orward  and  is  expected  to  have  sufficient 
accuracy  for  many  engineering  applications. 
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RESUME 

Une  etude  experlmentale  et  theorlque  du  recollement  sur  eux-memes  de  deux  jets  tur- 
bulents  Incompresslbles  a  ete  effectuee.  Ces  Jets  de  quantite  de  mouvement  dlfferente 
sont  Issus  de  tuyeres  de  directions  Inltlales  quelconques  separees  par  une  parol  sollde. 
Ils  entourent  done  avcint  de  se  rencontrer  une  zone  morte  en  depression  ou  en  presslon  sul- 
vant  les  directions  Inltlales  relatives  des  Jets. 

Experlmentalement ,  la  position  du  point  mort  correspondant  au  recollement  a  ete  de- 
termlnee  pour  dlfferentes  valeurs  des  parametres  geometrlques .  Des  mesures  de  proflls 
des  vltesses  dans  le  Jet  resultant  ont  ete  faltes  et  la  direction  alnsl  que  la  position 
de  ce  Jet  ont  ete  determlnees. 

La  theorle  donne  la  position  du  point  de  recollement,  la  presslon  dans  I'eau  morte 
entre  les  Jets  Inltlaux  et  le  developpement  du  Jet  resultant. 

NOTATIONS 


b  :  largeur  de  la  tuyere 

Cp  :  coefficient  de  presslon 

d  :  position  du  Jet  resultant 

D  ;  distance  entre  les  deux  tuyeres 

J  ;  quantite  de  mouvement 

p  ;  presslon  statlque 

Q  :  debit  volumlque 

R  :  rayon  de  courbure  de  la  trajectolre  d'un  Jet 

5  :  distance  le  long  du  Jet 

t  :  variable  deflnle  par  1 'Equation  (8a) 
u  :  Vitesse  en  un  point  du  Jet 

U  :  Vitesse  a  la  sortie  des  tuyeres 

X  :  distance  normale  au  plan  contenant  les  sorties  des  tuyeres 
y  :  distance  normale  ll  S 

y  :  valeur  de  y  ll  la  llgne  de  courant  de  separation 

Y  :  distance  dans  la  direction  du  plan  de  sortie  des  tuyferes 

o  :  direction  du  Jet  resultant 

6  :  direction  des  Jets 

Ap  :  difference  de  presslon  statlque 

p  :  masse  speclflque 

o  :  oonstante 

9  :  angle  de  recollement  des  Jets 

INDICES 

e  :  entralne  de  I'eau  morte 
<»  :  loin  des  Jets 

o  :  dans  le  plan  de  sortie  des  tuyeres 
r  ;  retour  dans  I'eau  morte 
R  :  au  point  de  recollement 

1  :  Jet  principal 

2  :  Jet  secondaire 

3  ;  Jet  resultant 

X  :  dans  la  direction  X 
Y  :  dans  la  direction  Y 


Depuls  I'av&nement  de  la  fluldique  en  I960  de  nombreux  travaux  sur  la  deviation  d'un 
Jet  principal  par  un  Jet  de  controle  plus  falble  ont  ete  publies.  II  s'agit  generalement 
d'un  Jet  de  contrdle  perpendlculaire  au  Jet  principal  et  adjacent  &  ce  dernier  tel  que  ren- 
contrl  dans  les  ampllflcateurs  proportlonnels  ou  les  elements  &  bascule.  Par  ailleurs  lors- 
que  I'on  veut  comparer  deux  Jets  dont  la  quantite  de  mouvement  est  du  meme  ordre  de  gran¬ 
deur,  on  utilise  un  modulateur  de  deux  Jets  en  sens  inverse  sur  le  meme  axe. 

On  peut  concevolr  un  §16ment  qui  peut  servlr  soit  d'ampllflcateur proportlonnel , soit 
de  modulateur  et  qul  est  oonstltu6  de  deux  Jets  parallfeles  ou  dlvergents  elolgnes  au  de¬ 
part  d'une  certalne  distance.  L'avantage  de  cet  arrangement  est  que  le  Jet  resultant  est 
d6plac4  ou  d6vl6  entre  des  llmltes  finles  et  blen  deflnles  lorsque  le  rapport  des  quantl- 
t6s  de  mouvement  des  deux  Jets  varle  de  z6ro  h.  I'lnflnl.  Ce  probl&me  de  recollement  de 
deux  Jets  a  6t6  abord6  par  Marsters  (Ref  1)  qul  s'est  limits  S  la  determination  du  recol¬ 
lement  de  deux  Jets  parall^les  Identlques.  Une  6tude  plus  g4n6rale  thSorlque  et  exp6ri- 
mentale  avec  des  Jets  de  directions  et  de  quant lt6s  de  mouvement  dlffirentes  et  Incluant 
la  direction  du  Jet  resultant  a  done  6t6  entreprlse. 


i 


THEORIE 


La  formulation  des  equations  condulsant  S  la  determination  du  point  de  recollement 
(Ref  2)  est  basee  sur  le  module  utilise  S  la  reference  3  avec  les  hypotheses  sulvantes; 

1)  le  fluide  est  Incompressible  et  le  meme  pai’tout 

2)  I'ecoulement  est  bldimensionnel 

3)  la  Vitesse  5.  la  sortie  des  tuySres  est  uniforms 

4)  la  presslon  dans  la  bulle  est  uniforms 

5)  les  Jets  sont  minces 

6)  les  trajectolres  des  Jets  avant  le  recollement 
sont  des  arcs  de  cercle 

7)  les  proflls  des  vltesses  des  Jets  sont  donnes 
par  la  theorie  bidlmenslonnelle  de  GSrtler 

Le  module  de  I'ecoulement  resultant  de  ces  hypotheses  est  presente  &  la  figure  1. 


Pour  chaque  Jet,  le  coefficient  de  presslon  dans  I'eau  morte  est 


oil 


ce  qul  permet  d'ecrlre 


Integrant  selon  y  le  profll  des  vltesses  de  GOrtler 

-■'I  s/S  ^ 


(i1 

(2) 

(3) 


(iJ) 


on  obtlent  le  d^blt  volumlque  en  fonctlon  de  la  distance  S 
I'orlglne  thSorlque  du  Jet  sltule  Si  une  distance  ob  en  amont  de 

r 


mesuree  I  partlr  de 
la  tuy&re. 
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t-vT  (e)’ 


Cette  equation  multiellee  par  sa  derlvee  donne 

Q  dQ  .  3  d  ( 


Pour  une  trajectolre  en  arc  de  cercle 


et  I'equatlon  (6)  devient 


j  (S  1  R  jg 

b  r  b 


^  dQ_ 
Q  Q 

o 


qul  peut  etre  Integree  &  partir  de  la  tuyere 


pour  donner  le  debit  en  fonctlon  de  1' angle  6 

1^)'-  1  =  -  ^  (8  -  B.) 


Pour  qu'll  y  ait  conservation  de  la  masse  11  faut  que  la  somme  des  debits  de  retour 
dans  la  bulle  des  deux  Jets  au  point  de  recollement  solt  6gale  a  la  somme  des  debits  en- 
tralnes  par  les  deux  Jets  du  c6te  de  la  bulle  entre  les  tuyeres  et  le  point  de  recollement. 

Le  debit  Qj.  qul_revient  dans  la  bulle  est  obtenu  pour  chaque  Jet  en  Integrant  le  pro- 
fll  des  vltesses  de  y  5  “  au  point  de  recollement 

«r  -  I  S 

oCi  " 

t_  =  tanh  C8a) 

R  Sj, 

D' autre  part  le  debit  entrain^  par  un  jet  du  cote  de  la  bulle  est 

-  «o>  ^5) 

L'^quation  de  conservation  de  la  masse  dans  la  bulle  peut  done  s’eorire  avec  les 
Equations  (8)  et  (9). 

2  '^Rl^  +  2  "  *^R2^  ■  i  ^  '^o2  " 


Introdulsant 


S2  "  °pl  J, 


et  avec  I'equatlon  (7)  on  obtlent 


^®R1  ■  ®ol^ 


if  ^6^2  -  6o2M=  ° 


Les  valeurs  de  t  donnant  les  debits  de  retour  sont  determinees  a  I'aide  d 'equations 
de  quantlte  de  mouvement .  Comme  pour  le  recollement  d'un  Jet  (Ref  H)  des  equations  loca¬ 
les  autour  du  recollement  donnent  de  mellleurs  resultats  que  d'  *  equations  autour  d'un 
volume  de  controle  englobant  toute  la  bulle.  Pour  poser  ces  equations  11  faut  Imaglner 
autour  du  point  de  recollement  un  plan  dans  la  direction  a  du  Jet  resultant  (fig.  2!'. 

Pour  chaque  Jet  dans  la  direction  de  ce  plan 


pu^dy  cos  6  = 


44 
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b 


R 

=  ^  (slngj 


(2^) 


les  angles  et  etant  negatlfs. 

On  a  done  un  syst&me  de  14  equations  qul  sont  3»  10,  11,  12,  13,  16,  17,  18,  19,  20, 
21,  22,  23  et  2^  pour  les  14  Inconnues  ti,  tj.  Cpj^,  a  ,  Sri,  Br2  ,  7ri,  yR2>  Yri  .  Yr2.  Xri, 
Xr2,  Ri  et  Rj. 


Ce  syst&me  etant  non  llnealre  et  plusleurs  des  variables  ne  pouvant  varier  que  dans 
des  gammes  donnees  de  valeurs  toute  methode  classlque  de  solution  n'a  que  peu  de  chance 
de  converger.  On  arrive  assez  rapldement  i  la  solution  en  Iterant  suivant  le  dlagramme 
donne  S  la  figure  4. 


DONNES 

^01  *  ^02*  0 2/ 


valeurs  initiales 

=  0  ,  y,  =  0  ,  ^2  =  0  , 

.  - - »■ 

(16) 

a 

I  (13) 

®R2 

]  (3)(10)(20)(23)!24) 

®R1 

[  (12) 

(17) 

j  (18) 

y- 

c 

{3)(10)(19)(21  )(22) 

(11) 


Figure  4 :  Marche 
Les  coordonn^es  du  point  de 


^  sulvre  pour  la  solution  des  Equations 
recollement  sont  par  rapport  ^  la  tuyere  superleure 


b 


R1 


slnB 


R1 
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et 
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La  position  du  point  de  recollement  et  la  direction  a  du  Jet  resultant  etant  deter- 
mlnees  le  developpement  de  ce  dernier  peut  etre  calcule  en  falsant  I'hypothese  qu'il  se 
comporte  conrnie  un  Jet  litre  Issu  d'une  orlglne  locallsee  par  rapport  au  point  de  recolle¬ 
ment.  Cette  orlglne  est  determinee  en  posant  que  le  debit  volumique  Q03  st  la  quantlte  de 
mouvement  du  Jet  resultant  une  distance  Sqj  de  son  orlglne  sont  egaux  aux  debits  et 
aux  quantltes  de  mouvement  des  Jets  1  et  2  qul  contlnuent  en  aval  du  recollement. 


Le  debit  masse  qul  continue  en  aval  au  recollement  est 


'‘03 


r^Ri 

--  J  »  J 

—  OQ 


R2 


U2dy 


qui  devient  avec  les  proflls  de  Gttrtler 
Q 


Q 


"03 

ol 


La  quantlte  de  mouvement  dans  le  Jet  resultant  est 

^ 


/Jx3  +  Jy3 


(25) 


ou  J)[3  et  Jy3  sont  donnes  par  les  equations  (l'<)  et  (15). 

En  Integrant  le  prof 11  des  vltesses  de  GBrtler  selon  y  &  une  distance  Sq3  de  1' orlglne 
on  obtlent 


d'ou  on  tire  la  position  de  1 'orlglne  du  Jet  resultant  4  une  distance  S03  en  amont  du 
recollement . 


A  une  courte  distance  en  aval  du  recollement  le  profil  du  Jet  resultant  devient  syme- 
trlque  et  11  reste  I  determiner  la  position  du  plan  de  symetrie  dont  la  direction  o  est 
connue  mals  qul  ne  passe  pas  par  le  point  de  recollement.  Une  equation  des  moments  de 
quantlte  de  mouvement  autour  d'un  point  c  sltue  ^  la  sortie  de  la  tuy&re  secondalre  va 
nous  donner  la  distance  d  (fig.  1). 


On  a  par  rapport  au  point  c 

D  cosBqj^  +  Ap  D  j  =  d  cosa 

d'oCi  on  tire 

d  _  cosBq  +  ^  cp^  D/b 
D  '  Jj  COSO 


(28) 


MESURES  EXPERIMENTALES 

Toutes  les  mesures  ont  ete  effectuees  avec  le  montage  illustre  ^  la  figure  5-  Les 
proflls,  facllement  modiflables,  ont  ete  tallies  dans  du  contraplaque  de  18  mm  et  sont 
maintenus  entre  deux  plaques  de  plastlque.  II  est  alnsl  possible  de  falre  varler  la 
direction  inltlale  des  Jets,  leur  largeur  et  la  distance  qul  les  separe.  Les  debits  sont 
ajustes  ^  I'alde  de  vannes  dans  les  condultes  d'allmentation.  II  a  ete  verlfie  experimen- 
talement  qu'il  n'y  avalt  pas  d'effet  tridimensionnel  sur  la  position  de  recollement  en 
autant  que  les  largeurs  des  tuyeres  n'etalent  pas  superieures  ^  6  mm.  Toutes  les  mesures, 
ont  done  ete  effectuees  avec  ces  largeurs  maximum. 

Le  systfeme  de  traverse  peut  §tre  oriente  a  volonte  pour  etre  perpendlculalre  k  la 
direction  du  Jet  resultant. 

Les  positions  des  points  de  recollement  ont  ete  determlnees  vlsuellement  a  I'alde  d'une 
laine  montee  sur  le  bout  d'une  fine  tlge  metalllque.  Cette  m^thode  n'a  pas  permls  d'obtenir 
des  resultats  satisfaisants  pour  les  decrochements  D/b  plus  petit  que  7  et  pour  les  rapports 
de  quantlte  de  mouvement  inf^rleur  3  0,2.  La  figure  6  presente  quelques  uns  des 

points  obtenus  en  comparalson  avec  les  previsions  theorlques  calculees  avec  0  egal  Si  10. 

On  constate  que  1 'accord  est  bon  sauf  pour  les  petltes  valeurs  du  rapport  des  quantit§s 
de  mouvement.  Pour  ces  petltes  valeurs,  le  deuxl^me  Jet  est  fortement  Incurve  et  I'hypo- 
th&se  de  Jet  mince  ne  tient  plus. 

Les  directions  des  Jets  resultants  ont  ete  determlnSes  Si  I'alde  d'une  sonde  dlrectlon- 
nelle  placee  &  I'endrolt  de  vitesse  maximum  dans  les  proflls  de  vltesse.  Pour  chaque  cas. 


Figure  5:  Montage  experimental 


1.0 


Figure  6 


Position  du  point  de  reoollement 


m 
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IPS  valeurs  obtenues  a  dlfferentes  distances  des  tuyeres  etaient  les  memes.  Ces  resultats 
sent  presentes  a  la  figure  7  et  I'accord  avec  la  theorie  est  satisfaisant .  Lorsque  les 
deux  tuy&res  sent  paralleles,  I'angle  a  est  toujours  ggal  a  zero  et  ces  resultats  ne  sont 
pas  presentes. 


Les  profils  de  vltesse  dans  les  Jets  resultants  ont  etS  obtenus  avec  un  tube  de  pitot 
monte  sur  le  roecanisme  de  traverse  plao§  perpendiculairement  a  la  direction  des  Jets.  La 
figure  8  presente  quelques  uns  des  profils  obtenus  avec  les  profils  theoriques  correspon¬ 
dents.  Ces  profils  ont  ete  obtenus  suf fisamment  loin  des  tuyeres  pour  etre  de  enus  syme- 
triques.  L'accord  entre  la  theorie  et  I'experlence  qui  est  bon  aux  distances  D/b  Inferieure 
h  11  devlent  mauvals  aux  grandes  valeurs  de  oette  distance  et  du  rapport  des  quantites  de 
mouvement.  Cecl  est  attrlbuable  aux  effets  du  frottement  sur  les  parols  etant  donne  le 
falble  allongement  des  tuylres  et  les  grandes  distances  en  aval  oil  ont  ete  faltes  les 
mesures . 


Figure  7:  Direction  du  Jet  resultant 


La  distance  d/D  du  point  d' Intersection  du  plan  de  symetrle  des  Jets  resultants  avec 
le  plan  des  tuySres  a  6t6  d4termln4e  &  I'alde  de  la  position  des  proflls  de  Vitesse.  La 
figure  9  pr6sente  oes  r^sultats  alnsl  que  les  courbes  thSorlques.  On  constate  que  pour 
deux  Jets  parallfeles  I'accord  est  bon  sauf  pour  D/b  ^gal  &  3.  Lorsque  les  Jets  divergent 
au  depart,  I'accord  devlent  molns  boh  il  mesure  que  J2/J1  augmente.  Les  recollements  ftant 
alors  plus  loin  des  tuySres,  11  y  a  probablement  lei  encore  un  effet  de  frottement  sur 
les  parols. 
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Figure  9:  Position  du  Jet  resultant 
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CONCLUSION 

La  theorle  proposee,  malgre  des  hypotheses  assez  grossleres,  dome  avec  une  assez 
bonne  precision  la  position  du  recollement  et  le  developpement  du  Jet  resultant  du 
reoollement  de  deux  Je.ts  I'un  sur  1' autre. 
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ABSTRACT 

An  experiaental  study  of  developing  jet  impinging  normally  and  obliquely  on  a  smooth  wall,  is  pre¬ 
sented.  A  later  Doppler  anemometer  incorporating  a  frequency  shift  device  was  used  to  measure  the  mean 
and  fluctuating  velocity  components  in  the  free  jet  and  wall  jet  regions. 

12  nozsle  diameters  downstream  of  a  14.0  ms  diameter  nozzle,  the  jet  had  mean  velocity  profiles 
which  were  found  to  have  reached  similarity  with  a  centre-line  turbulence  intensity  of  around  20Z.  At 
this  location  a  circular  plate  was  placed  and  the  radial  and  circuiaferential  development  of  the  wall 
jet  was  analysed  for  impinging  angles  from  0  to  20  degrees.  The  values  of  the  maximum  velocity  and  of 
the  distance  from  the  wall  to  the  location  where  the  velocity  is  half  the  maximum  velocity  depend  on 
radial  distance  and  impinging  and  circumferential  angles.  The  opposite  is  true  for  the  non-dimensiona- 
lized  mean  velocity  profiles  which  are  independent  from  those  parameters.  In  the  fully  developed  wall 
jet,  the  turbulence  intensity  was  always  in  excess  of  30Z,  and  the  location  of  minimum  normal  stress 
coincided  with  that  of  maximum  mean  velocity  .The  velocity  probability  distributions  show  the  large  influ¬ 
ence  that  the  outer  layer  of  free  turbulent  mixing  has  on  the  boundary-layer-type  region  adjacent  to 
the  plate.  The  rate  of  growth  of  radial  wall  jets  is,  however,  smaller  than  that  of  radial  free  jets. 

NOHEN(XATURE 

b  -  wall  jet:  value  of  R  for  which  U  ■  Ug,/2 
d  -  nozzle  diameter 

h  -  distance  from  the  nozzle  to  the  wall,  measured  along  jet  axis 

r  -  free  jet:  radial  coordinate 

ri/2  "  j***  value  of  r  for  which  U  «  Ucl^^ 

R  -  wall  jet:  radial  coordinate 
Reg  -  Reynolds  number  at  jet  exit 

Ry  -  wall  jet:  radial  distance  from  the  virtual  origin 
u  -  fluctuating  velocity 

D  -  wan  velocity 

Ug  -  mean  velocity  at  nozzle  exit 

Ug2  ~  free  jet:  centre  line  mean  velocity 
Ug  -  wall  jet:  maxlsnim  mean  velocity 

X  -  free  jet:  longitudinal  coordinate 

y  -  wall  jet:  coordinate  perpendicular  to  the  well 

yg  -  well  jet:  value  of  y  for  which  U  "  Ug 

a  -  impinging  angle:  normal  isqiingenwnt ,  a  -  0 
6  -  circumferential  coordinate 

1.  INTRODUCTION 

Laser  Doppler  snesxnwtry  (LDA)  has  been  used  to  study  the  flow  characteristics  of  a  single  round 
free  jet  iispingiag  perpendicularly  and  obliquely  on  a  large  plate.  This  flow  finds  direct  practical 
application  in  a  large  nusher  of  engineering  problems,  affecting  spraying,  cooling,  heating,  drying  and 
leaching  of  solids.  Such  a  flow  configuration  is  also  produced  by  a  downwords  directed  jet  from  VTOL  or 
STOL  aircraft  spreading  out  over  the  ground. 

The  flow  exhibits  three  distinct  regions: 

a-  a  "free  turbulent  Jet  region"  where  the  flow  characteristics  are  identical  to  those  of.  a  free  jet, 

b-  an  "impingement  region"  where  the  jet  undergoes  considerable  deflection,  from  quasi-perpendicular 
to  quasi-parallel  to  the  plate,  and 

c-  a  "wall  Jet  region"  where  the  Jet  becomes  almost  parallel  to  the  wall  assuming  a  flow  pattern  siid 
lar  to  that  of  a  radial  wall  jet  where  the  effacta  of  interaction  due  to  the  impingement  are  no  Ion 
gar  important.  ~ 


This  hybrid  structure  ,  consisting  of  a  free  jet,  deflecting  flow  and  wall  boundary  layer  with  a 
free  upper  boundary,  is  ideal  to  test  the  universality  of  turbulence  models  together  with  predicting 
numerical  methods,  provided  accurate  experimental  results  exist. 

The  normal  impingement  of  a  jet  on  a  flat  surface  has  been  studied  by  several  investigators,  see  re 
ferences  1  to  11.  Hrycak,  Lee  and  Gaunter  {l|  and  Beltaos  and  Rajaratnam  |2{,  lll.used  pitot  tubes  to~ 
study  the  influence  of  jet  Reynolds  number  and  jet  distance  from  the  wall  on  the  mean  velocity  profiles 
of  regions  a)  and  b) .  Bradshaw  and  Love  |A|  reported  experimental  results,  mainly  concerning  static  pre 
ssure  and  skin  friction  in  the  impingement  region.  Bradbury  {s|  shows  a  dimensional  analysis  to  correla 
te  velocity  and  pressure  measurements.  Clauert  |6|  was  the  first  to  use  the  eddy  viscosity  model  to  stlT 
dy  theoretically  the  turbulent  wall  jet.  Poreh,  Tsuei  and  Cermak  |7]  using  hot-wire  anemometry,  have 
shown  that  the  shear  stress  does  not  vanish  where  the  velocity  gradient  is  zero,  as  required  by  the  eddy 
viscosity  model;  the  measured  turbulence  intensities  were  always  in  excess  of  JOZ, 

Donaldson,  Snedeker  and  Margolis  |8|  studied  the  heat  transfer  near  the  stagnation  point  and  with 
hot  films  and  hot  wires,  thermocouples  and  microphones  obtained  velocity,  temperature  and  pressure  dis¬ 
tributions.  Ho  and  Nosseir  |9|  present  extensive  pressure  measurements  to  provide  experimental  evidence 
and  explain  an  instability  process  and  feedback  mechanism  on  Che  pressure  fluctuations.  Cutmark,  Wolfsh 
Cein  and  Hygnanski  {ll{  investigated  a  plain  jet  impinging  on  a  flat  plate.  ~ 

For  the  oblique  impingement  of  a  round  jet  on  a  plane  surface  the  documentation  is  not  extensive. 
Donaldson  and  Snedeker  |l2|  present  measurements  of  wall  pressure  and  mean  velocities  obtained  with  pitot 
tubes  for  impinging  angles  a,  of  IS,  30,  AS  and  60  degrees,  i.e.  large  deviations  from  perpendicularity. 
The  jet  of  Foss  and  Kleis  |l3!  was  almost  tangencial  to  the  wall,  a  •  81  degrees. 

The  present  report  aims  to  extend  through  experimental  investigation  the  physical  understanding  of 
Che  obliquely  impinging  jet.  LDA  was  used  to  measure  Che  mean  and  fluctuating  velocities  for  two  jet 
Reynolds  numbers,  four  impinging  angles  and  five  radii.  The  nozzle  to  wall  distance  was  enough  to  guaran¬ 
tee  Chat  the  impinging  distance  did  not  influence  Che  development  of  the  wall  jet.  The  inaccuracies  asso 
ciaced  with  measurements  in  highly  turbulent  flows  and  due  Co  directional  ambiguity  of  the  instantaneous' 
velocity  vector,  were  removed  using  a  LDA  frequency-shift  device,  see  reference  lA. 

The  experimental  sec  up  and  measuring  procedure  are  described  on  next  section,  and  on  section  three 
the  results  are  presented  and  discussed.  On  section  four  conclusions  are  susnarized. 

2.  EXPERIMENTAL  SET  UP  AMD  MEASURING  PROCEDURE 

The  jet  was  produced  by  a  suitably  designed  nozzle  of  lA.O  mm  diameter,  d,  and  air  was  supplied  by 
a  compressor  through  a  plenum  chamber,  producing  velocities  up  to  SO  m/s.  A  SO  cm  diameter  flat  and 
smooch  plate  was  used  to  provide  an  impinging  surface.  The  present  results  were  obtained  with  a  nozzle 
to  wall  distance,  h,  of  12  d. 

For  Che  alignemenc  of  the  jet  with  respect  to  the  wall,  the  nozzle  could  be  rotated  around  two  per 
pendicular  axis  parallel  to  the  plate  and  translated  in  two  normal  directions  also  parallel  to  Che  plaTe; 
the  surface  could  rotate  around  an  axis  perpendicular  to  the  jet  and  move  along  and  perpendicularly  to 
the  same  jet.  0.8  mm  diameter  pressure  tappings  drilled  on  the  plrce  allowed  Che  measurement  of  the 
pressure  distribution  on  Che  plate  surface. 

Mean  and  rms  values  of  velocity  were  obtained  for  jet  Resmolds  numbers  of  A2500  and  32000  and,  with 
the  jet  perpendicular  to  the  plate,  i.e,  impinging  angle  a  -  0°,  and  also  with  a  equal  to  10°,  15°  and 
20°.  For  the  oblique  impingement,  the  measurements  were  done  with  values  of  the  circumferential  coordi¬ 
nate,  9,  of  0,  AS,  90,  135  and  180  degrees.  On  the  wall  jet  flow  configuration,  8=0  corresponds  to  the 
radial  direction  where  the  values  of  velocity  are  larger. 

The  laser  Doppler  anemometer  used  to  measure  the  mean  and  rms  velocities,  was  of  the  forward  scatte 
ring  type  and  comprised  a  He-Ne  5  mW  Spectra-Physics  laser,  a  150  mm  focal  length  lens  to  focus  the  bera 
on  a  variable  speed  TNO  rotating  diffraction  grating  used  to  split  and  frequency-shift  the  laser  beams, 
and  a  focussing  arrangement  of  two  100  mm  diameter  lenses.  The  light  collecting  optics  included  a  RCA 
photomultiplier,  model  A836,  In  most  of  the  measurements  the  distance  between  two  consecutive  fringes 
was  A, 62  pm.  The  measuring  control  volume  could  be  moved  with  respect  to  the  fixed  flow  rig  since  Che 
LDA  optical  bench  was  mounted  on  a  three-dimensional  traversing  mechanism. The  photomultiplier  signal 
was  band-pass  filtered  with  a  Krohn-Hite  filter  and  subsequently  analysed  by  a  frequency  counter  inter 
faced  to  an  Apple  microcomputer.  The  signal  to  noise  ratio  of  Doppler  bursts  was  on  average  in  excess 
of  20  db  and  the  8/16  cycles  frequency  comparator  circuit  of  the  counter  was  used  with  the  narrowest 
validation  interval  (frequency  differences  less  than  IX)  guaranteeing  the  absence  of  significant  errors 
in  the  frequency  measurement  within  each  burst.  The  mean  and  rms  frequencies  were  calculated  from  AOOO 
samples,  implying  errors  of  around  IX  and  2X  respectively.  A  slow  data  acquisition  rate  of  around  10 
measurements  per  second,  was  imposed  by  the  microcomputer  to  the  counter,  which  is  a  fast  sampling  rate 
instrument,  in  order  to  diminish  the  velocity  bias  reported  in  references  lA  to  18.  The  calculated  va¬ 
lues  of  the  mean,  rms,  skewness  and  flatness  and  the  velocity  probability  distributions  were  stored  on 
floppy  discs  and  subsequently  plotted  with  a  Hewllet-Packard  digital  plotter  It  was  estimated,  see  re¬ 
ferences  lA  and  18,  that  the  error  associated  to  Che  mean  and  rms  values  of  the  profiles  shown  in  the 
present  work  is  respectively  2X  and  AX  of  the  maximum  value  measured  i”  Che  profile. 

Total  pressure  probes  of  0.8  mm  O.D.  were  also  used  mounted  on  a  traversing  carriage  so  that  they 
could  be  moved  in  three  normal  directions  or  rotated. 

A  smoke  generator  was  used  to  achieve  a  visual  picture  of  the  flow  and  cinematography  was  employed 
to  assist  physical  interpretation  of  the  measurements. 

3.  RESULTS  AND  DISCUSSION 

This  section  is  sub-divided  in  three:  impinging  jet,  wall  jet  with  normal  impingement  and  wall  jet 
with  oblique  impingement.  The  figures  are  based  on  the  results  obtained  with  Reynolds  number  of  A2500, 
since  no  significant  variations  were  found  with  Re  •  32000. 

3.1.  Impinging  jet 

Figure  1  presents  profiles  of  non-dimensionalized  mean  velocity  measured  across  the  jet  at  different 
longitudinal  distances,  x,  and  shows  that  similarity  is  reached  at  approximately  8  diameters  from  the 
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nozzle.  In  fact, other  slidly  different  values  are  also  refered  on  the  literature,  since,  as  reported  on 
references  1  and  19,  the  turbulence  intensity  and  Reynolds  number  at  the  jet  exit  have  influence  on  the 
initial  spreading  of  the  jet.  The  figure  also  gives  the  values  of  centre-line  velocity  decay,  U^i/Uo, 
and  radial  distance  from  the  central  axis  to  the  location  where  the  velocity  is  half  the  value  of  centre 
-line  velocity, ri/2.  They  may  be  evaluated  by  the  equations: 


U  ,/U  -  6.72  d/x  and  2r, ,,/d  -  0.172  x/d 

cl  o  1/2 

The  plate  was  located  12  diameters  downstream  the  nozzle  and  at  this  distance,  the  turbulence  inten 
sity  at  the  centre-line  of  the  free  jet  rounds  202.  Reference  3  shows  that  for  plate  to  nozzle  distances 
larger  than  8.3  nozzle  diameters,  the  development  of  the  impinging  region  and  wall  jet  is  independent 
of  h/d. 

3.2.  Wall  jet  with  normal  impingement 

Figure  2  shows  non-dimensional  mean  velocity  distributions  measured  at  different  radii.  For  R/d  of 
9,  12  md  15,  the  profiles  are  identical  indicating  that  before  R/d  “  9  the  flow  has  reached  similarity. 
The  values  of  maximum  velocity,  and  of  the  distance  from  the  plate  to  the  location  where  the  veloc^ 
ty  is  lIj,/2,  b,  are  also  given  on  the  figure;  for  R  larger  than  6d,  they  can  be  determined  using  the  follow 
ing  equations: 

b/d  -  0.096  (R/d)°*^^  U  /U  -  1.4  (R  /d)'^‘^^ 

ID  O  V 


where  Rv  is  the  radial  distance  measured  from  the  virtual  wall  jet  origin.  Plotting  1/Um  varying  with  R, 
the  virtual  origin  was  found  equal  to  -1.5  d,  i.e.,  R^  •  R  -  1.5  d. 

Considering  the  wall  jet  as  an  inner  boundary-layer-like  region  adjacent  to  the  plate  with  an  outer 
layer  of  free  turbulent  mixing,  the  mean  velocities  in  the  outer  region  can  be  calculated  by  the  equation 


1  -  0.293  ( 


2 


where  y^,  is  the  distance  from  the  wall  to  the  location  of  maximum  velocity.  However,  the  velocity  vari£ 
tion  in  the  inner  region  is  not  well  predicted  by  an  equation  of  the  type  U/Uj,  »  K  (y/y  ,  as  it  could 
be  expected  from  a  wall  boundary  layer  flow.  This  is  certainly  due  to  Che  large  influence  chat  the  outer 
flow  has  on  the  inner  flow.  Comparing  equations  for  and  b,  it  can  be  seen  that  the  rate  of  growth  of 

the  radial  free  jet  is  much  larger  than  that  of  the  radial  wall  jet. 

Turbulence  intensity  distributions  at  different  radial  distances  are  plotted  on  figure  3  where  large 
variations  can  be  seen  from  R/d  •  3  to  R/d  •  6.  On  the  contrary, between  6  and  9  the  variations  are  small 
indicating  approach  to  the  self-preserving  region.  In  this  region  the  rms  values  are  almost  independent 
of  y,  showing  a  slowly  decrease  closer  to  Che  outer  free  boundary.  These  rms  profiles  with  those  of  mean 
velocity, imply  a  turbulence  intensity  variation  with  a  minimum  corresponding  to  the  location  of  maximum 
mean  velocity;  the  magnitude  of  the  minimum  rounds  352.  At  R/d  of  3  and  close  to  the  wall,  large  fluctua¬ 
tions  were  detected,  probably  a  reminiscence  of  those  existing  around  the  stagnation  point;  they  are  com- 
plitely  smeared  at  R/d  >  6.  The  high  values  of  the  measured  normal  stress  is  an  indication  of  the  large 
mixing  process  existing  in  all  regions  of  the  flow. 

Velocity  probability  distributions  (v.p.d.)  measured  in  a  region  of  self-preservation,  R/d  ■'  9,  are 
given  on  figure  4  and  show  the  presence  of  negative  instantaneous  velocities  from  y  •  9  mm  upwards.  Since 
this  distance  from  the  wall  is  below  the  point  where  the  mean  velocity  decreases  to  half  the  maximum  velo¬ 
city,  (y/b  “  0.825  and  U/Um  •  0.635)  it  illustrates  how  deep  inside  the  flow  occurs  the  entrainment  of 
quiet  fluid.  It  also  suggests  that  problems  associated  with  directional  ambiguity  and  finite  velocity  flue 
tuations  at  locations  of  near  zero  mean  velocity  have  been  precluding  precise  measurements  of  velocity; 
they  were  overcome  in  the  present  work  by  the  use  of  a  LDA  system  incorporating  a  frequency  shift  device. 

The  values  of  skewness  and  flatness  are  given  on  the  figure  and  they  indicate  that  the  closest  to 

Gaussian  distribution  occurs  at  Che  location  of  maximum  mean  velocity.  Case  a)  shows  a  v.p.d.  on  the  boun¬ 
dary  layer  region  close  to  the  wall  and  the  skewness  value  shows  Chat  the  accelerating  effect  due  to  the 
close  presence  of  fast  moving  flow, is  larger  than  that  of  retardation  by  frictional  resistence  due  to  the 
surface.  On  Che  outer  edge,  Che  v.p.d,  have  large  values  of  skewness  and  flatness  as  should  be  expected  in 
entrainment  regions  where  the  slower  and  quiet  flows  are  dragged  by  Che  fast  moving  flow.  The  turbulence 
intensities  are  large  particularly  on  case  c)  where  almost  half  of  the  detected  velocities  have  negative 
sign  revealing  the  presence  of  eddy  structures. 

3.3.  Wall  jet  with  oblique  impingement 

Figures  5,6  and  7  report  mean  velocity  measurements  obtained  with  impinging  angles,  a,  of  0,  10,  15 
and  20  degrees,  at  radial  planes  of  9  equal  to  0,  45,  90,  135  and  180  degrees  and  radial  distances,  R/d, 
of  3,  6,  9,  12  and  15,  6  ■  0  end  180  correspond  respectively  to  Che  direction  of  maximum  and  minimum  velo¬ 
cities  and  y  is  measured  perpendicularly  to  the  plate.  Figure  5  presents,  for  0-0  and  180,  the  influen¬ 
ce  of  the  impinging  angle  on  the  mean  velocity  profiles.  It  can  be  seen  that  from  a  -  0  to  20  the  profiles 
have  the  same  general  configuration,  with  the  velocity  amplitude  varying  almost  linearly  with  a.  The  jet 

rate  of  growth  and  the  distance  from  the  wall  to  the  location  of  maximum  velocity  do  not  seem  significan¬ 

tly  influenced  by  a. 

For  a  -  10  degrees  and  different  radii,  figure  6  introduces  the  influence  of  the  circumferential 
angle  on  the  velocity  profiles.  Between  0  -  0  to  45  and  8  -  135  to  180  degrees,  the  profile  variations  are 
small  comparing  with  those  occuring  between  0-45  to  90  and  90  to  135  degrees.  However  the  profiles  arc 
similar  and  it  is  confirmed  that  yj,  is  independent  of  0.  Figure  7  shows  that,  for  a  -  15°,  the  non-dimen- 
sionalized  velocity  distributions  are  independent  of  R/d  and  0;  the  same  is  true  for  a  -  10  and  20  degrees. 
The  profiles  are  identical  to  those  of  figure  2  measured  with  normal  impingement;  for  the  oblique  impinge¬ 
ment,  proper  values  of  b  and  Uj,  have  to  be  considered.  Those  values  and  their  dependence  on  R/d,  0  and  a 
are  given  on  figures  8,  9  and  10. 

For  an  impinging  angle  of  10  degrees  and  different  values  of  0,  figure  8  indicates  the  variation  of 
Um  nnd  b  with  radial  distance.  Figure  9  illustrates  the  effect  of  the  impinging  angle  and  figure  10  gives 
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the  influence  of  the  circumferential  coordinate  for  different  values  of  a.  Figure  8  shows  that,  as  for  the 
normal  impingement  case,  l/Um  changes  almost  linearly  with  R.  Also  the  vir\.  ial  origin  does  not  show  signi¬ 
ficant  variation  from  chat  obtained  with  a  0.  Therefore,  to  evaluate  1^  from  R,  it  continues  to  be  valid 
the  use  of  an  equation  similar  to  that  obtained  for  the  normal  impingement, 

Um  Rv  -1.12 

-  c(0,  a)  (  -g-  ) 

where  the  variation  of  C  with  0  and  a  may  be  calculated  from  figures  8  and  9  respectively.  The  values  of 
C(d,  u)  are  given  on  table  1. 


^\0 

a 

0 

45 

90 

135 

180 

0 

1.4 

1.4 

1.4 

1.4 

1.  . 

10 

1.6 

1.5 

1.3 

1.1 

1.1 

15 

1.7 

1.6 

1.3 

1.0 

.92 

20 

1.8 

1.6 

1.1 

.89 

.76 

Table  1.  Values  of  C(6,  a) 


For  non  zero  values  of  a,  figure  9  demonstrates  that  the  velocity  decay  verified  when  0  «  180®  is 
larger  than  the  increase  at  6  »  0.  Also  at  0  ■  90®,  LV  decreases  when  a  increases  indicating  a  non-symme- 
tric  growth  of  the  wall  jet.  Figure  10  confirms  the  non-linear  variation  of  U^j  with  6. 

Figures  8  and  10  show  that  b  is  not  significantly  dependent  on  0  and  figure  9  . Iso  demonstrates  a 
relative  invariance  of  b  with  a.  Therefore,  for  the  present  range  of  values  a,  the  equation  indicated  to 
calculate  the  values  of  b  for  the  case  of  normal  impingement,  is  still  valid  and  can  continue  to  be  used 
for  the  oblique  impingement. 

Values  of  turbulence  intensities  are  shown  on  figure  11  and  in  general,  the  agreement  with  the  measu¬ 
rements  presented  on  figure  3  is  good.  From  R/d  ®  3  to  R/d  •  6  a  large  variation  is  again  detected,  but 
downstream  only  little  differences  are  noticeable,  indicating  self-preservation.  The  variation  between 
the  profiles  measured  at  0  -  0  and  180  is  smaller  than  that  standing  from  differences  in  the  mean  velocity 
distributions.  The  turbulence  intensities  are  high,  having  a  minimum  value  of  around  35%  coexisting  with 
the  maximum  mean  Velocity. 

The  velocity  probability  distributions  of  figure  12  were  measured  at  the  same  radial  distance  as 
Chose  of  figure  4,  but  for  an  impinging  angle  of  10  degrees.  The  distributions  corresponJing  to  0  ■  0  and  180 
are  clearly  distinguishable  since  the  velocity  ranges  are  different,  however,  the  m-’in  pictures,  for  ins¬ 
tance  those  concerning  entrainment,  wall  presence,  skewness  and  flatness,  are  Che  same  and  equal  to  those 
reported  in  connection  with  figure  4. 

4.  CONCLUSIONS 

The  following  more  important  conclusions  may  be  extracted  from  the  present  wor)'.; 

a-  A  laser  Doppler  anemometer  was  successfully  used  to  study  the  mean  velocity  and  turbulent  fields 
of  a  round  free  jet  impinging  normally  and  obliquely  to  a  wall, 

b-  At  a  distance  of  12  nozzle  diameters  downstream  the  jet  exit,  and  in  the  absence  of  the  impinging 
wall,  the  mean  velocity  radial  profiles  have  reached  similarity  and  the  centre-line  turbulence  intensity 
was  of  20%.  This  distance  guaranteed  that  the  development  of  the  wall  jet  was  not  de^'endent  on  nozzle  to 
wall  distance. 

c-  In  the  wall  jet  region,  the  turbulence  intensities  were  high,  influenced  by  the  impinging  angle 
and  with  a  mininmm  value  approaching  35%  located  around  the  point  of  maximum  mean  velocity.  In  this  loca¬ 
tion  the  velocity  probability  distribution  was  near  Gaussian;  away  from  it,  the  v.p.d,  become  progressi¬ 
vely  more  positively  skewed  and  with  larger  flatness  values.  The  outer  shear  layer  was  demonstrated  to 
have  an  impo'iTtant  role  on  the  turbulent  mixing  process, 

d-  The  non-dimensionalized  mean  velocity  profiles  measured  in  the  wall  jet,  are  independent  of  ra¬ 
dial  distance,  circumferential  coordinate  and  impinging  angle.  The  values  of  b  are  also  independent  of  a 
and  0  and  can  be  calculated  by  the  equation  introduced  for  the  normal  impingement  case.  The  values  of  Um 
are  dependent  on  a  and  0,  as  well  as  on  R,  and  the  equation  revealed  for  normal  impingement  has  been  mo¬ 
dified  to  include  the  case  of  oblique  impingement. 
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Figure  2  -  Wall  jet  with  normal  impingement: 
mean  velocity  profiles. 
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SUMMARY 


During  the  last  few  years,  a  research  programme  at  the  University  of  Southampton 
has  been  investigating  the  interference  characteristics  of  a  turbulent  inclined  jet 
exhausting  into  a  turbulent  subsonic  crosswind.  Results  are  presented  of  the  variation 
in  jet  paths  (based  on  the  maximum  total  pressure) ,  the  lift  loss  and  the  pressure 
distribution  on  a  flat  plate  through  which  the  jet  exhausts.  The  angle  of  inclination 
of  the  jet  to  the  crosswind  direction  has  varied  from  90°  to  15°. 

In  general,  it  has  been  found  that  the  lift  loss,  the  jet  deflection,  the  jet 
penetration  and  the  rate  of  total  pressure  decay  along  the  jet  path  decreased  as  the 
jet  inclination  was  reduced  from  the  position  normal  to  the  crosswind.  The  centre  of 
pressure  moved  downstream. 

A  jet  exhausting  at  an  angle  of  15°  to  the  crosswind  has  received  considerable 
attention  recently  and  results  are  presented  of  the  variation  with  increasing  momentum 
ratio  of  the  pressure  distribution  on  the  flat  plate  through  which  the  jet  exhausts, 
the  lift  loss,  the  jet  paths  and  surface  oil  flow. 

To  summarise  these  results,  similarity  laws  have  been  applied  to  the  lift  loss, 
jet  path  and  centre  of  pressure  as  a  function  of  momentum  ratio,  geometry  and  angle  of 
inclination. 


LIST  OF  SYMBOLS 


Aj 

Cf 

Cp 

Cpr 


Equivalent  area  of  the  jet  exit  (Aj  =  nrj^) 

Surface  force  coefficient,  defined  by  equation  (2) 
Interference  pressure  coefficient,  defined  by  equation  (1) 
Total  pressure  coefficient,  defined  by  equation  (6) 

Suction  force  coefficient,  defined  by  equation  (4) 

BjV  2 

Momentum  ratio  (m  =  /  - - s-) 


p  Pressure 

q  Dynamic  pressure 

rj  Radius  of  the  jet  exit 

R  Non-dimensional  radial  distance  from  the  origin  to  any  point  in  the  XY-plane 

Rl  Non-dimensional  lower  limit  of  integration  representing  the  jet  periphery 

R2  Non-dimensional  upper  limit  of  integration 

V  Velocity 

S  Non-dimensional  distance  along  the  jet  centreline  from  the  origin 

X  Centre  of  pressure,  defined  in  equation  (5) 

X,Y,Z  Non-dimensional  Cartesian  co-ordinate  system  with  origin  at  the  geometrical  centre 
of  the  nozzle  exit  plane 

0  Angle  between  the  radial  from  the  origin  to  any  point  in  the  XY-plane  and  the 

positive  X-axis 

C  Non-dimensional  distance  along  the  path  of  maximum  total  pressure  from  the  origin 

Non-dimensional  length  of  the  potential  core 
p  Density 

()>  Jet  incllnatloii  angle  given  by  the  angle  between  the  nozzle  centreline  and  the 

positive  X-axis 

Suffixes 

A  Amolent  conditions 

E  Jet-exit  conditions 


This  work  Is  supported  by  SERC  Research  Contract  No.GR/A68271. 


J  Jet  conditions  or  quantities 

0  Stagnation  conditions 

■»  Crosswind  conditions 

(All  linear  dimensions,  where  appropriate,  have  been  non-dlmensionalised  with  respect 
to  the  jet  radius,  rj) . 


1.  INTRODUCTION 

During  the  last  few  years,  a  research  programme  at  the  University  of  Southampton 
has  been  investigating  the  interference  characteristics  of  a  turbulent  inclined  jet 
exhausting  into  a  turbulent  subsonic  crosswind.  Initial  attention  has  been  focussed  on 
measuring  the  experimental  variation  in  jet  paths  (based  on  the  maximum  total  pressure) , 
the  lift  loss  and  the  surface  pressure  distribution  on  a  flat  plate  through  which  the 
jet  exhausts.  The  angle  of  inclination  of  the  jet  to  the  crosswind  direction  has  varied 
from  15°  to  90°.  Of  recent  interest  has  been  the  case  of  jets  exhausting  at  small  angles 
to  the  crosswind.  In  particular,  a  jet  exhausting  at  an  angle  of  15°  to  the  crosswind 
has  received  considerable  attention. 

To  summarize  these  results,  similarity  laws  have  been  applied  to  the  lift  loss, 
jet  path  and  centre  of  pressure  as  a  function  of  momentum  ratio  and  jet  inclination. 

These  laws  have  provided  a  useful  data  base  in  the  absence  of  a  reliable  theoretical 
model. 

The  above  experimental  programme  has  contributed  greatly  to  the  broad  understanding 
of  the  nature  of  the  interference  between  the  jet  and  crosswind.  To  gain  a  more  detailed 
insight  and  to  be  able  to  formulate  a  fundamental  numerical  model,  experimental 
Information  concerning  the  induced  velocity  field  around  the  jet  is  currently  being 
acquired.  This  should  enable  the  variation  in  strength  and  direction  of  the  vorticlty 
in  the  sheet  representing  the  jet  to  be  determined  and  to  allow  standard  applications 
of  free  wake  analysis  and  panel  methods  to  the  problem.  This  general  jet  model  can 
then  be  coupled  to  existing  fuselage/lifting  surface  computational  methods. 

The  variation  in  surface  pressure  distribution,  surface  force  distribution,  suction 
force  or  lift  loss,  the  path  of  maximum  total  pressure  and  total  pressure  decay  along  the 
centreline  of  the  jet  as  the  jet  inclination  is  reduced  from  the  normal  position  are 
presented.  The  variation  in  the  same  quantities  as  the  momentum  ratio  is  Increased  for 
the  case  of  the  jet  inclined  at  a  small  angle  to  the  crosswind  is  also  presented. 

Finally,  the  application  of  similarity  laws  to  the  variation  of  the  suction  force 
coefficient  or  lift  loss,  centre  of  pressure  and  jet  path  with  momentum  ratio  and  jet 
Inclination  is  presented.  In  each  case  the  angle  of  jet  inclination  varied  in  increments 
of  15°  from  15®  to  90°  and  the  momentum  ratio  varied  from  4  to  12  in  increments  of  2. 

2.  EXPERIMENTAL  ARRANGEMENT 

The  experimental  apparatus  consisted  of  a  flat  plate  through  which  a  circular 
jet  exhausted  into  a  crosswind.  The  results  presented  here  are  derived  from  two 
series  of  tests.  In  the  first  set  of  tests  the  jet  inclination  angle  varied  from  90° 
to  30°  to  the  crosswind  in  increments  of  15°.  In  the  second  set  the  jet  inclination 
angle  was  15°.  The  experimental  apparatus  used  in  the  former  has  been  described 
elsewhere*-whllst  that  of  the  latter  is  described  here.  The  jet  radius  was  0.4  in.  and 
all  dimensions,  where  appropriate,  are  non-dimensionalised  by  this  value. 

The  crosswind  was  provided  by  a  closed  return  wind  tunnel  of  section  164  jet 
radii  high  by  210  jet  radii  wide.  The  crosswind  dynamic  pressure  for  the  tests, 
described  here,  was  0.572  in  water  and  the  crosswind  velocity  was  15.2  ms”^.  The  jet 
was  supplied  through  a  nozzle  from  compressor  storage  tanks  via  a  plenum  chamber.  The 
change  in  mass  flow  was  negligible  during  the  tests.  The  nozzle  was  designed  to  give 
a  uniform  total  pressure  distribution  across  the  exit  plane.  All  profiles  thus  obtained 
were  uniform  to  within  +  8%  of  the  centreline  total  pressure  over  90%  of  the  exit 
diameter  (measured  in  planes  normal  to  the  jet  centreline) . 

The  flat  plate  was  of  dimension  97.5  jet  radii  spanwlse  by  75  jet  radii  chordwise 
and  was  mounted  in  the  floor  of  the  working  section  with  its  surface  20  jet  radii  above 
the  floor.  The  jet  exit  was  positioned  on  the  plate  centreline,  37.5  jet  radii  behind 
the  sharp  leading  edge.  The  plate  and  nozzle  block  was  Instrumented  with  230  static 
pressure  tappings  each  of  1/16  in  Internal  dleuneter.  Tests  were  conducted  to  ensure 
that  the  flow  over  the  plate  was  uniform  within  the  area  of  Interest.  The  boundary 
layer  velocity  profile  on  the  plate  was  measured  42.5  jet  radii  from  the  leading  edge 
and  was  found  to  follow  the  l/7th  power  law  with  a  momentum  thickness,  °2/rj  =  0.14. 

No  impingement  of  the  jet  onto  the  tunnel  roof  occurred. 

The  jet  nozzle  block  fitted  into  a  circular  recess  in  the  flat  plate.  No  leakage 
was  detected  through  the  discontinuity  in  the  plate  surface.  Care  was  taken  to  ensure 
that  the  jet  pipe  centreline  was  not  yawed  with  respect  to  the  crosswind  and  that  the 
plate  and  nozzle  block  surfaces  were  flush. 

Surface  oil  flow  visualisation  was  conducted  by  covering  the  plate  and  nozzle 
block  with  a  sheet  of  matt  black  contact  paper  and  applying  a  mixture  of  'dayglo 


pigment'  and  diesel  oil.  Conditions  were  set  and  maintained  until  the  pattern  became 
established. 
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Figure  1  shows  the  definitions  used  for  axes  and  flow  regions. 

3.  DEFINITION  OF  DERIVED  RESULTS 

The  surface  pressure  distribution  data  was  presented  in  the  form  of  Isobar  plots. 
The  interference  pressure  coefficient,  Cp,  was  defined  as 

C  -  ^jet  on  ~  Pjet  off 

P  ~  ' 


The  surface  force  coefficient  along  a  radial  was  denoted  by  Cp,  where 


lO 

"^F  =  S  RdR 


(Z) 


The  lower  limit  of  integration,  R^,  represented  the  jet  exit  periphery  and  varied  with 
jet  Inclination  angle.  The  term  'surface  force  distribution’  was  used  to  refer  to  the 
variation  of  Cp  with  increasing  angular  displacement,  e. 

The  suction  force  coefficient,  denoted  by  Cg,  was  defined  as 


Suction  Force 


(3) 


where  Aj  is  the  equivalent  area  of  the  jet  exit.  This  can  be  rewritten  in  terms  of  the 
surface  force  coefficient  as 


C 


s 


Cp  d9 


r  1) 


The  centre  of  pressure  was  denoted  by  x,  where 

R- 

C^XRdRde 

_  O  K.  p 

X  =  - gi -  (5) 

C„RdRde 

0^1? 

where  X  =  Rcos9  and  the  upper  limit  of  Integration, R2 ,  was  chosen  to  include  as  large  an 
area  of  the  plate  surface  as  possible  in  order  to  obtain  a  more  accurate  variation  of 
the  centre  of  pressure  with  inclination,  particularly  at  high  velocity  ratios  and  small 
Inclinations.  A  positive  value  of  x  can  be  thought  of  as  representing  nose-down 
pitching  and  a  negative  value  as  nose-up  pitching  with  the  sign  convention  of  Figure  1. 


Cp,  Cg  and  x  were  derived  from  the  surface  pressure  data  by  numerical  integration. 


The  jet  trajectories  were  determined  by  locating  the  position  of  maximum  total 
pressure  in  successive  Y-Z  planes  behind  the  jet  exit.  The  jet  centreline  decay  curves 
were  presented  as  the  variation  of  a  total  pressure  coefficient,  Cp,j,  with  S,  where 


c  -  ~  Pa 

^  Pop  -  Pa 


(6) 


where  Po  is  the  total  pressure  at  the  point  on  the  jet  centreline  being  determined. 

4.  DISCUSSION  OF  RESULTS 
Effect  of  Jet  Inclination  Angle 

The  effect  of  varying  the  jet  inclination  angle  on  the  surface  pressure  isobars 
and  on  the  centreline  pressure  distributions  is  shown  in  Figures  2  to  7 ,  8  and  9. 

The  extent  of  the  low-pressure  field  was  reduced  in  the  lateral  and  forward  regions 
of  the  flow  field  as  the  jet  inclination  decreased  except  in  the  case  of  the  15° 
inclination  jet  which  had  a  similar  extent  in  the  lateral  region  to  the  30°  inclination 
jet.  The  jet  exit  dimension  in  the  X-directlon  Increased  as  the  Inclination  decreased 
and  this  will  have  affected  the  local  position  of  any  isobars  very  close  to  the  jet  exit. 

The  variation  of  the  Interference  pressure  coefficient  with  distance  along  the  plate 
centreline  upstre2un  of  the  jet  showed  that  the  flow  appeared  to  decelerate  less 
immediately  upstream  of  the  jet  as  the  inclination  decreased  for  inclinations  90°  >  ♦  >  60°. 
For  ^  <  60°  no  deceleration  was  shown  by  the  distribution.  A  small  positive  region 
(maximum  Cp  <  0.1)  was  evident  in  the  distribution  for  the  15°  inclination  jet  (Figure  27) 
but  this  was  followed  by  a  pressure  loss  as  the  jet  was  approached  further.  The  elements 
of  fluid  immediately  above  the  plate  surface  and  approaching  the  jet  were  given  a  vertical 
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component  o£  velocity  by  the  entrainment  effect  of  the  jet.  This  induced  vertical 
ccmiponent  became  less  with  decreasing  Inclination,  causing  a  reduction  in  the 
deceleration  of  the  crosswind  as  it  approached  the  jet.  The  horizontal  component  of 
velocity  of  these  elements  was  Increased  as  the  jet  inclination  decreased. 

The  low-pressure  field  became  more  extensive  within  the  wake  region  as  the  jet 
inclination  decreased.  Characteristic  of  the  surface  pressure  isobars  at  small  jet 
inclination  angles  was  a  'swept  back  lobe*  appearance  (Figures  6  and  7)  which  was 
created  by  the  more  extensive  low-pressure  field  in  the  wake  and  the  less  extensive 
low-pressure  field  in  the  lateral  region.  Two  distinct  changes  in  the  pressure  recovery 
within  the  wake  region  downstream  of  the  jet  exit  occurred  as  the  jet  inclination 
decreased  (Figure  9).  For  the  90°  and  75°  inclination  jets,  the  rate  of  pressure 
recovery  steadily  decreased,  being  very  rapid  close  to  the  jet  exit.  For  inclination 
angles  between  60°  and  30°,  the  initial  rate  of  pressure  recovery  was  very  rapid  but 
was  followed  by  a  pressure  loss  in  the  region  3  <  x  <  6  and  a  further  pressure  recovery 
at  a  much  lower  rate  for  x  >  6.  In  the  15°  inclination  case,  a  pressure  loss  occurred 
in  the  region  4  <  x  <  7  from  a  large  positive  value  of  the  interference  pressure 
coefficient  (too  large  to  be  plotted  on  Figure  9)  followed  by  a  pressure  recovery  in  the 
region  7  <  x  <  8.5.  A  slight  pressure  loss  then  occurred  in  the  region  8.5  <  x  <  10 
followed  by  a  further  pressure  recovery  for  x  >  10.  These  observations  regarding  the 
pressure  recovery  could  be  the  result  of  a  stronger  interaction  between  the  induced 
vorticity  behind  the  jet  and  the  plate  boundary  layer,  the  jet  becoming  closer  to  the 
plate  as  the  jet  inclination  angle  decreased.  An  increasing  rate  of  entrainment  of  the 
boundary  layer  in  the  wake  region  close  to  the  jet  would  be  expected  as  the  jet 
inclination  decreases. 

Figure  10  shows  the  distribution  of  the  surface  force  with  angular  displacement, 

8,  for  varying  jet  inclination  angle.  A  minimum  point  occurred  in  all  the  distributions. 
The  minimum  surface  force  decreased  in  magnitude  (i.e.  became  less  negative)  as  the  jet 
inclination  decreased  from  90°  to  30°.  The  15°  inclination  jet,  however,  showed  a 
minimum  peak  of  approximately  twice  the  magnitude  of  the  90°  inclination  jet  but  this 
peak  was  'sharp',  occurring  over  a  much  narrower  range  of  angular  displacement.  The 
value  of  the  angular  displacement  at  which  the  minimum  surface  force  occurred,  decreased 
as  the  jet  inclination  angle  decreased. 

The  suction  force  coefficient  decreased  as  the  jet  Inclination  decreased  from  90° 
to  30°  (Figure  11)  showing  that  the  lift  loss  was  lessened.  Reducing  the  inclination 
from  30°  to  15°  resulted  in  an  increase  of  the  suction  force  coefficient  to  values 
slightly  less  than  those  for  the  45°  inclination  jet,  although  the  major  contribution 
to  this  coefficient  came  from  different  areas  of  the  plate  surface  as  evidenced  by  the 
surface  force  distribution  (Figure  10) .  The  low-pressure  field  extended  beyond  the 
upper  limit  of  integration  for  high  velocity  ratios  (particularly  at  large  and  small 
inclination  angles)  resulting  in  the  lift  loss  being  underestimated.  It  would  be 
expected  that  the  lift  loss  would  show  an  asymptotic  value  as  ^  approaches  zero  because 
the  vorticity- induced  entrainment  would  decrease  with  decreasing  inclination  becoming 
zero  at  4  =0°,  where  the  only  type  of  entrainment  would  be  of  the  free  jet  type.^ 
However,  for  the  15°  inclination  the  lift  loss  was  actually  increased  compared  to  the 
30°  inclination.  This  enhancement  is  thought  to  be  caused  by  the  image  effect  of  the 
plate  indicating  that  the  flow  field  will  not  tend  towards  the  coflowing  case  as  the 
Inclination  is  reduced  further. 

Generally,  the  centre  of  pressure  moved  downstream  as  the  Inclination  angle 
decreased  (Figure  12).  For  the  15°  inclination,  the  centre  of  pressure  moved  downstream 
for  m  >  8,  following  the  trend  for  larger  inclination  angles  but  for  a  momentum  ratio  of 
4,  the  movement  was  upstreeun  (Figure  31).  This  general  downstreeum  movement  as  the 
inclination  angle  decreased  was  to  be  expected  as  the  extent  of  the  low-pressure  field 
in  the  wake  region  increased. 

The  penetration  of  the  jet  into  the  crosswind  and  the  rate  of  deflection  of  the 
jet  decreased  as  the  inclination  decreased  (Figure  13) .  The  Initial  portion  of  the 
trajectories  was  almost  linear.  This  linear  portion  became  more  extensive  as  the 
inclination  decreased  and  the  15°  Inclination  jet  showed  no  deflection  over  the  X 
distance  for  which  measurements  were  recorded  (0  <  X  <  24) . 

The  total  pressure  decay  rate  for  varied  inclination  angle  is  shown  in  Figure  14. 
The  potential  core  is  Indicated  by  the  portion  of  the  curves  for  which  Cpij.  =  1.  The 
scatter  in  the  data  in  this  area  arose  from  the  difficulty  of  locating  the  position  of 
mcuclmum  total  pressure.  The  length  of  the  potential  core  Increased  with  decreasing 
inclination  angle  except  for  the  15°  inclination  which  was  of  similar  length  to  the  45° 
inclination.  The  total  pressure  decay  rates  for  inclinations  45°  4  4  <  90°  were  very 
similar.  For  inclination  angles  of  15°  and  30°,  the  rates  were  again  very  similar  but 
of  a  lower  rate  than  for  4  i  45°  and  appeared  to  be  broadly  similar  to  the  free  jet. 

Effect  of  Momentum  Ratio  at  Small  Inclination  Angle  (♦  »  15°) 

The  effect  of  Increasing  the  momentum  ratio  on  the  surface  pressure  isobars  and 
on  the  centreline  pressure  distributions  is  shown  in  Figures  15  to  20,  27  and  28.  The 
Isobar  plots  show  the  characteristic  lobe  shape  of  the  small  inclination  angles.  In 
general,  increasing  the  momentum  ratio  caused  an  outwards  spreading  of  the  entire  low- 
pressure  field. 
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Considering  the  forward  and  lateral  regions,  the  low-pressure  field  spread  to  the 
front  and  sides  of  the  jet  as  the  momentum  ratio  increased.  The  angle  between  an  isobar 
crossing  the  plate  centreline  and  the  centreline  increased  generally  as  the  momentum 
ratio  increased.  The  variation  of  the  interference  pressure  coefficient  with  distance 
along  the  plate  centreline  upstream  of  the  jet  changed  with  varied  momentum  ratio.  At 
a  momentum  ratio  of  2,  the  pressure  increased  as  the  jet  was  approached  and  then 
decreased  rapidly.  The  interference  pressure  coefficient  was  positive  for  all  values 
of  X  at  this  momentum  ratio.  At  a  momentum  ratio  of  4,  the  pressure  remained  fairly 
constant  and  then  increased  to  a  small  positive  peak  before  decreasing  rapidly  as  the 
jet  was  approached.  For  momentum  ratios,  m  »  6,  a  pressure  loss  was  observed  before 
the  small  positive  peak,  the  pressure  then  decreasing  rapidly  to  negative  values.  In 
all  cases,  the  positive  peak  occurred  at  X  =  -7.5  but  the  interference  pressure 
coefficient  did  not  exceed  0.1.  The  value  of  this  maximum  was  not  indicative  of  a 
stagnation  area.  A  stagnation  point  would  be  expected  to  be  very  local  and  difficult 
to  detect.  The  fluid  approaching  the  jet  near  to  the  plate  surface  was  given  a  vertical 
component  of  velocity  by  the  entrainment  effect  of  the  jet. 

The  entire  low-pressure  field  in  the  wake  region  moved  downstream  and  slightly 
outwards  as  the  momentum  ratio  was  increased.  The  position  of  the  crossing  point  on 
the  plate  centreline  of  the  -0.05,  -0.1  and  -0.2  Isobars  moved  downstream  as  the 

momentum  ratio  Increased.  Figures  21  to  26  show  the  area  around  the  jet  exit  in  more 
detail  and  are  the  results  of  tests  with  more  closely  spaced  pressure  tappings  in  this 
area.  An  area  of  positive  interference  pressure  coefficients  was  evident  on  the  region 
4  <  X  <  7  for  momentum  ratios  4  to  12,  the  thicker  isobar  on  the  plots  representing  the 
change  from  negative  to  positive  interference  pressure  coefficients.  The  magnitude  of 
these  positive  interference  pressure  coefficients  was  very  high  (increasing  with 
increasing  momentum  ratio)  and  is  thought  to  be  caused  by  impingement  of  part  of  the 
jet  onto  the  plate  in  this  region  which  then  lifted  away  from  the  plate  with  increasing 
downstream  distance.  This  was  possibly  the  result  of  a  Coanda  type  effect  followed  by 
a  buoyancy  effect.  Near  the  rear  of  the  jet  exit  adjacent  to  this  positive  area  was  a 
region  of  relatively  high  magnitude  negative  interference  pressure  coef f icients , 
increasing  in  magnitude  as  the  momentum  ratio  increased  (Figures  23  to  26).  This 
negative  area  Indicates  strong  entrainment  of  the  boundary  layer  in  this  region. 

Along  the  plate  centreline  the  interference  pressure  coefficient  decreased  from  the 
positive  maximum  to  a  negative  value  at  X  =  7  for  momentum  ratios,  m  >  4 .  A  gradual 
pressure  recovery  then  occurred.  For  m  =  2,  there  was  no  positive  value  but  a  gradual 
pressure  recovery  with  increasing  downstream  distance. 

The  major  effect  of  increasing  the  momentum  ratio  was  an  outwards  spreading 
of  the  entire  low-pressure  field.  This  was  caused  by  the  increasing  of  the  entrainment 
rate  as  the  momentum  ratio  was  increased. 

The  effect  of  Increasing  the  momentum  ratio  on  the  distribution  of  the  surface 
force  with  angular  displacement,  9,  is  shown  in  Figure  29.  The  surface  force 
coefficient  became  increasingly  more  negative  as  the  momentum  ratio  increased  as  would 
be  expected  from  the  surface  pressure  distribution.  A  significant  feature  of  the 
surface  force  distribution  was  the  minimum  'peak'  which  occurred  in  the  region  9  =  10° 
for  all  momentum  ratios.  The  magnitude  of  this  minimum  surface  force  increased  as  the 
momentum  ratio  Increased  and  the  peak  was  very  pronounced  at  high  momentum  ratios. 

The  suction  force  coefficient  increased  as  the  momentum  ratio  increased 
(Figure  30).  The  rate  of  change  of  the  suction  force  coefficient  with  momentum  ratio 
increased  slightly  probably  due  to  the  Increasingly  large  magnitude  of  the  minimum  peak 
which  was  indicated  in  the  surface  force  distribution  (Figure  29). 

The  centre  of  pressure  was  positive  for  the  range  of  momentum  ratios  considered 
(Figure  31)  and  decreased  (i.e.  moved  upstream)  with  increasing  momentum  ratio  for 
m  <  8  and  then  Increased  slightly  for  m  >  8.  This  movement  of  the  centre  of  pressure 
corresponds  to  the  chernging  wake  contribution  to  the  surface  force. 

The  photographs  of  the  oil  flow  pattern  on  the  plate  surface  for  two  momentum 
ratios  are  shown  in  Figures  32  and  33.  The  crosswind  was  directed  from  the  top  to  the 
Ixjttom  of  the  photographs.  The  presence  of  a  region  of  separated  flow  or  wake  extending 
downstream  from  the  jet  exit  was  revealed.  The  width  of  this  wake  increased  as  the 
momentum  ratio  increased.  Streamlines  over  a  large  area  of  the  plate  were  bent  towards 
the  jet  and  wake,  some  streamlines  terminating  at  the  jet  exit  periphery  and  at  the  wake 
edge.  This  showed  entrainment  of  the  crosswind  into  the  jet  and  wake  taking  place  around 
the  whole  jet  periphery  and  the  edge  of  the  wake.  The  angle  of  the  streamlines  to  the 
plate  centreline  was  greatest  approximately  one  jet  radii  behind  the  downstream  edge  of 
the  jet  and  of  magnitude  approximately  60°,  this  angle  decreasing  rapidly  with  increasing 
distance  downstream. 

The  jet  trajectories  for  momentum  ratios  4  to  12  (Figure  34)  showed  that  no 
deflection  of  the  jet  away  from  the  exit  angle  by  the  crosswind  occurred  for 
approximately  24  jet  radii  downstream  of  the  jet  exit.  The  scatter  in  the  data  as  X 
increased  was  due  to  the  difficulty  in  determining  Z  as  the  total  pressure  excess  became 
small. 


The  total  pressure  decay  rate  for  varied  momentum  ratio  is  shown  in  Figure  35. 
The  potential  core  length  showed  no  variation  with  momentum  ratio  and  was  approximately 
6  jet  radii.  The  decay  rates  for  momentum  ratios,  6  «  m  «  12  were  indistinguishable. 
However,  for  a  momentum  ratio  of  4,  a  greater  decay  rate  occurred. 
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5.  SIMILARITY  LAWS 


The  application  of  similarity  laws  to  the  measurements  of  the  suction  force 
coefficient,  the  centre  of  pressure  and  the  jet  trajectories  for  jet  Inclination  angles 
90°  »  ♦  >  30°  have  been  described  elsewhere^.  In  the  correlations  presented  here,  the 
data  of  the  15°  Inclination  jet  has  been  added  where  appropriate. 

The  functional  form  of  the  equation  for  the  suction  force  coefficient  was  found 
to  be  (from  reference  3) 
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The  suction  force  coefficients  for  all  inclination  angles  and  momentum  ratios  are  shown 
in  the  logarithmic  plot  of  Figure  36.  The  values  of  K  and  n,  which  were  determined  by 
a  least-squares  analysis  are  listed  in  the  Figure  for  each  inclination  angle.  K  and  n 
are  clearly  dependent  on  inclination  and  K  is  dependent  on  the  nozzle.  The  value  of  K 
was  arbitrarily  assigned  for  the  90°  Inclination  jet.  The  large  scatter  in  the  data  in 
the  region  of  Cg/ (msimti) ^  =  0.5  can  be  attributed  to  an  effect  of  the  evaluation  of  Cg 
at  low  values  of  m.  Here  the  magnitude  of  the  pressure  readings  far  from  the  jet  was 
very  small  and  the  relative  error  in  measuring  these  pressures  was  more  dominant.  This 
large  relative  error  was  weighted  by  a  large  value  of  R. 


Ignoring  the  above  mentioned  data,  the  overall  correlation  shows  a  scatter  of 
about  +10%  on  the  mean  line  which  is  very  encouraging  considering  the  wide  spectrum  of 
data  representing  varying  jet  conditions. 


The  functional  form  of  the  equation  for  the  centre  of  pressure  was  found  to  be 
(frqm  reference  3) 
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The  centres  of  pressure  for  all  inclinations  and  momentum  ratios  are  shown  in  Figure  37. 
The  values  of  a  and  c,  determined  by  a  least-squares  analysis  are  listed  in  the  Figure. 
The  values  of  K  and  n  are  those  determined  from  the  Cg  correlation.  The  scatter  of 
data,  with  the  exception  of  2  points,  is  contained  within  the  mean  error  band  (+0.23 
on  the  value  of  x)  applied  to  the  data.  The  change  in  direction  of  movement  of  x  with 
Increasing  momentum  ratio  in  the  case  of  the  15°  Inclination  jet  resulted  in  difficulties 
in  determining  a  and  c  and  the  inclusion  of  this  data  was  not  altogether  satisfactory. 

With  the  above  reservations,  the  overall  correlation  is  again  very  encouraging. 

The  functional  form  of  the  equation  for  the  jet  trajectories  was  found  to  be 
(from  reference  3) 


- - — =  function  of  [ - 2__  (9) 
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where  K  is  the  non-dimensional  distance  along  the  path  of  maximum  total  pressure  from 
the  origin  and  Sg  is  the  non-dimensional  length  of  the  potential  core.  The  jet 
trajectories  for  90°  >  ♦  >  45°  for  all  momentum  ratios  are  shown  in  Figure  38.  The 
values  of  b,  determined  by  a  least-squares  analysis  are  listed  in  the  Figure.  The 
values  of  K  and  n  are  those  determined  from  the  Cg  correlation.  No  data  for  the  30° 
inclination  jet  or  the  15°  inclination  jet  is  presented.  In  the  former  case,  the 
geometry  of  the  experimental  model  made  it  possible  to  obtain  only  1  or  2  data  points 
and  in  the  latter  the  term  X-Z  cot  4  was  zero  because  of  the  lack  of  deflection  of  the 
jet.  The  large  scatter  of  data  in  the  lower  left  hand  region  can  be  attributed  to  the 
uncertainty  in  measuring  the  potential  core  length  (jj).5).  The  correlated  data  in  this 
region  represents  data  points  that  were  very  close  to  the  potential  core  and  are 
extremely  sensitive  to  the  value  of  Cg.  it  was  suggested  in  reference  3  that  a  Reynolds 
number,  possibly  based  on  the  velocity  difference  between  the  crosswind  and  the  component 
from  the  jet  in  the  crosswind  direction  (and  hence  incorporating  a  dependence  on  4)  may 
provide  a  second  correlating  pareimeter,  in  the  jet  trajectory  correlation,  which  becomes 
Important  when  the  jet  is  close  to  the  plate. 

6.  CONCLUSIONS 


a)  Decrease  in  the  Inclination  of  the  Jet 


The  general  effect  of  decreasing  the  inclination  of  the  jet  on  the  surface  pressure 
surrounding  a  jet  exhausting  into  a  crosswind  has  been  determined  as 

(1)  The  low-pressure  field  becomes  less  extensive  to  the  front  and  sides  of  the  jet. 

(2)  The  surface  force  Increased  (became  less  negative)  in  these  regions. 

(3)  The  lower  pressure  field  beceune  more  extensive  to  the  rear  of  the  jet  and  the  surface 
force  decreased  in  this  region. 


(4)  The  suction  force  coefficient  was  reduced  and  the  centre  of  pressure  moved  downstream. 

(5)  The  jet  penetrated  the  crosswind  less  and  the  jet  deflection  decreased. 

(6)  The  rate  of  total  pressure  decay  along  the  jet  centre  line  was  reduced. 


(7)  For  the  case  of  the  jet  inclined  at  15°  to  the  crosswind,  the  surface  force  c:- i,  i  l;it  od 
a  smaller  minimum  value  behind  the  Jet,  a  reversal  in  trend  to  that  observed  i r,  (3;. 
Consequently,  the  suction  force  coefficient  increased  as  the  inclination  decD  > ,  'i 
below  30°. 

b)  Increase  in  the  Momentum  Ratio  for  the  Small  Angle  Jet  (15°) 

The  general  effect  of  increasing  the  momentum  ratio  on  the  surface  pressure- 
surrounding  a  jet  exhausting  at  an  inclination  of  15°  to  the  crosswind  has  been 
determined  as 

(1)  The  low-pressure  field  spread  to  the  lateral  and  forward  regions  of  the  flowficid. 

(2)  The  surface  force  became  more  negative  in  these  regions. 

(3)  The  low  pressure  field  became  more  extensive  to  the  rear  of  the  jet.  The  surface 
force  exhibited  a  minimum  value  in  this  region,  the  magnitude  increasing  with 
increasing  momentum  ratio,  but  the  position  remaining  unchanged.  A  small  area  of 
large  positive  pressure  was  apparent  immediately  downstream  of  the  jet  at  high 
momentum  ratios  probably  due  to  the  jet  striking  the  surface  in  this  area. 

(4)  The  suction  force  coefficient  increased  and  the  centre  of  pressure  moved  downstream 
and  showed  an  asymptotic  tendency  for  momentum  ratios  greater  than  8. 

(5)  The  jet  suffered  little  if  any  deflection  and  the  decay  of  total  pressure  along  the 
jet  path  showed  little  chcinge  for  momentum  ratios  above  6. 

c )  Application  of  Similarity  Laws 

(1)  The  suction  force  coefficient  correlates  well  with  momentum  ratios,  and  jet  inclination. 

(2)  The  centre  of  pressure  correlates  well  with  momentum  ratio  and  jet  inclination. 

(3)  The  correlation  of  the  path  of  maximum  total  pressure  with  momentum  ratio  and  jet 
inclination  exhibits  considerable  scatter. 

The  application  of  the  similarity  laws  presented  is  not  entirely  conclusive.  In 
the  absence  of  a  complete  fundamental  theoretical  model,  these  laws  can  predict  more 
compactly  the  lift  loss,  centre  of  pressure  and  jet  path,  i.e.  the  overall  gross  effects 
of  the  jet/crosswind  Interaction  as  well  as  most  of  the  current  analytical  models  which 
involve  complicated  semi-empirical  relations  between  various  jet  properties  and  which 
are  difficult  to  justify  fundamentally. 

REFERENCES 


1.  Taylor,  P. 

2.  Flatten,  J.L. 
and  Keffer,  J.F. 

3.  Taylor,  P. 


An  Investigation  of  an  Inclined  Jet  in  a  Crosswind. 

Aeronautical  Quarterly,  Vol.28,  February  1977,  pp. 51-58, 

Entrainment  in  deflected  axisymmetric  jets  at  various  angles  to 
the  strecun. 

University  of  Toronto,  Mechanical  Engineering  Department, 

TP  6808,  June  1968. 

A  summary  of  crosswind- jet  experiments  including  jet  paths, 
lift  losses  and  centres  of  pressures,  on  a  flat  plate. 

Vertica,  Vol.3,  1979,  pp. 145-154. 


-0.1 


8  10  12  14  16  18  20 

X 


10  12  U  16  18  20 


ncvu  19  SOBFACS  FBSSSURe  DISTRIBUTIOI 

(ft  -  10,  0  •  15®) 


nCOBS  20  SnSFlCE  fHESSOHE  DISTHIBDTIOH 
(■  .  12,  0  -  15°) 


10  -8-^-4  -2  0  2  4  6  8 

X 

ncimg  21  sowACK  i^ussims  sistribitiion  rgak 
THE  JET  EXIT  •  2,  0  •  15°) 


-10-8-6-4  -2  0  2  4  6  3 

X 

riCTIRS  22  SORRACE  FRESSORE  OISTRlRnTIOil  REAR 
TEE  JET  EXIT  (a  »  4,  0  •  150) 


10  ”8  *6 

-♦-2  0  2  4 

6  8 

X 

-10  -8  -6 

-4  -2  0  2  4  6 

) 

riGURE  25 

SURFACE  FRESSORS  SISTRIBOTIOH 
THE  JET  EXIT  (■  .  «,  0  .  15°) 

REAR 

nCUBB  24 

SURFACE  FRESSUEE  OISTRIBUTIOR  NEAR 
THE  JET  EXIT  (■  .  B,  0  •  15°) 

10  -8  -6 

-4-20  2  4  6  8 

X 

-10  -8  -6 

-4  -2  0  2  4  6 

X 

noQBs  29 

surface  pressure  oistrjbutior  rear 

TBS  jit  exit  (■  a  10,  0  «  15°) 

FIGURE  2i 

SURFACE  PRESSURE  BISTRIBUTIOR  NEAR 
THE  JET  EXIT  (a  .  12,  0  a  15°) 

riCVBI  2T  (n>STREilC  CB.’TRSUNE  TRSSSmS 
siSTBiEirrioi  (  0  •  i;°) 


ncm  2«  BomsTBSAM  carrsEiisE  phsssobe 
MSTSIBUTIO  (  j»  .  15°) 


3 


KGDSE  32  OIL  ?LOW  PiTTEHS  OH  THE  PLATE 
STOPlCE  (b  .  6,  0  .  15®) 


nOUIS  33  OIL  PLOW  PATTERH  ON  THE  PLATE 
SHHPICE  (■  .  10,  0  .  15®) 


PICUHE  34  JET  TBAJECTOUES  (0-15®) 


PIOBHE  35  TOTAL  PHEESUHE  DECAY  HATE  (  0  .  15®) 


nCHRS  i6  CORBEIATION  OP  SUCTION  FORCE  COEITICIENT 
WITH  INCLINATION  AND  KOMENTUM  RATIO 


An  Experioentnl  Investigation  of 
an  Upper  Surface  Blowing  Configuration 


by 

G.  D.  Catalano 

Asst.  Prof,  of  Mechanical  Engineering 
Louisiana  State  University 
Baton  Rouge,  Louisiana  70803 

U.S.A. 


J.  B.  Morton 

Prof,  of  Mechanical  and  Aerospace  Engineering 
University  of  Virginia 
Charlottesville,  Virginia  22901 

U.S.A. 


R.  R.  Humphrls 

Senior  Scelntlst  of  Nuclear  Engineering  and  Natural  Science 
University  of  Virginia 
Charlottesville,  Virginia  22901 

U.S.A. 


SUMMARY 

The  effects  of  both  a  flat  and  a  curved  wall  on  the  one,  two,  and  three  point  statistical  properties 
of  a  coflowing  turbulent  Jet  are  documented.  Mean  velocities,  turbulent  Intensities,  auto  and  cross  velo¬ 
city  correlation  functions,  auto  and  cross  velocity  spectra,  and  Iso-correlation  contours  are  determined  by 
use  of  a  laser  Dappler  velolmeter  with  phase  locked  loop  processor.  Pressure  field  coherence  and  phase 
angle  function  as  well  as  pressure-velocity  correlations  are  made  using  a  condenser  type  microphone/recorder. 
The  effects  of  varying  ratios  of  the  nozzle  exit  plane  mean  velocity  to  the  outer  tunnel  flow  speed  Is 
noted.  The  confining  surfaces  serve  to  radically  change  the  flow  pattern  of  the  expanding  turbulent  Jet. 

The  curved  wall  has  the  effect  of  rapidly  Increasing  the  turbulence  In  the  potential  core  region  and  dis¬ 
rupting  the  Jet's  large  scale  turbulent  structure.  The  pressure-velocity  correlation  functions  indicate  a 
strong  coupling  among  the  turbulent  velocity,  species  concentration  fluctuations,  and  pressure  fluctuations 
In  the  Jet  near  field. 


INTRODUCTION 

Turbulent  shear  flows  can  be  divided  Into  free  shear  flows  bounded  by  no  walls,  flows  bounded  by  one 
fixed  boundary,  and  flows  bounded  by  two  or  more  fixed  boundaries.  The  present  Investigation  will  focus  on 
the  class  of  problems  with  one  fixed  boundary,  that  Is,  a  wall-jet.  The  motivation  for  studying  the  wall 
Jet  flow  field  Is  derived  from  Its  close  resemblance  to  the  upper  surface  blowing  (USB)  technique  which  Is 
a  possible  approach  In  attempting  to  Increase  the  short  takeoff  and  landing  capability  of  aircraft  (1). 

As  In  an  unconflned  Jet,  there  exists  In  a  wall  Jet  (Figure  1)  two  main  zones  of  flow:  1)  an  Initial 
zone  of  flow  establishment  which  consists  of  the  growth  of  the  boundary  layer  on  the  wall,  the  potential 
core,  and  the  mixing  -eglon  where  the  flow  mechanism  is  similar  to  the  free  shear  flow  problem  and  2)  a 
zone  of  established  i.jw  which  consists  of  a  region  of  free  mixing  analogous  to  a  free  Jet  and  the  Inner 
layer  which  is  a  class  of  boundary  layer  under  a  turbulent  decelerating  superstreams  (2). 

The  specific  flow  field  Investigated  Is  an  axlsymmetric  nozzle  exhauating  over  a  solid  boundary  with 
an  external  uniform  flow  present. 

Consider  the  classical  "black  box"  approach  to  studying  the  wall  Jet,  a  methodology  first  suggested  by 
Clauser  (3)  for  studying  turbulent  boundary  layers.  The  basic  tenets  of  the  approach  are  that  by  changing 
Initial  conditions  and/or  boundary  conditions  of  the  turbulent  flow  field,  a  greater  Insight  Into  the 
transport  characteristics  and  processes  can  be  achieved.  In  this  experiment,  one  Initial  and  one  boundary 
condition  are  varied.  Here,  Initial  condition  refers  to  the  ratio  of  the  wall  Jet  exit  plane  velocity  to 
the  outer  flow  speed  boundary  condition  Is  changed  by  varying  the  curvature  of  the  wall.  In  fact,  two 
different  wall  surfaces  are  chosen  with  one  being  flat  and  other  flat  Initially  with  a  large  curvature 
beginning  at  four  Jet  diameters  downstream. 

The  Importance  of  varying  the  ratio  of  the  Jet  exit  plane  velocity  to  the  outer  tunnel  flow  speed  may 
be  viewed  by  examining  the  same  effect  In  ejector  type  flows.  Razlnsky  and  Brighton  (4)  Investigated 
confined  Jet  mixing  In  constant  area  pipes  for  a  range  of  system  parameters.  The  velocity  ratio  was  found 
to  strongly  Influence  the  axial  pressure  dlatubatlon  and  the  development  of  the  centerline  mean  velocity. 

The  effects  of  wall  curvature  are  dealt  with  In  two  quite  separate  cases:  1)  transverse  curvature, 
and  2)  longitudinal  curvature  (S).  Only  longitudinal  curvature  will  be  considered  In  this  Investigation. 
Longitudinal  curvature  effects  on  turbulent  boundsry  layers  were  first  Investigated  by  Prandtl  (6).  The 
main  conclusion  was  that  Che  flow  at  a  turbulent  boundary  layer  along  a  convex  surface  Is  more  stable  than 
along  a  concave  surface.  Bradahaw  (7)  made  quantitative  use  of  the  snalogy  between  streamline  curvature 
and  buoyancy  In  turbulent  shear  flow.  So  and  Hellor  (8)  found  that  on  a  convex  wall,  the  Reynolds  shear 
stress  and  turbulent  kinetic  energy  access  the  boundary  layer  are  reduced  as  compsred  to  a  plane  wall 
whereas  Increased  for  flow  along  a  concave  wall. 

The  strategy  of  the  Investigation  Is  as  follows:  1)  document  the  statistical  properties  of  the  turbu¬ 
lent  Jet  flow  in  the  coflowing  stream;  2)  examine  the  effects  on  the  flow  field  of  a  solid  boundary; 
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3)  vary  the  longitudinal  curvature  of  the  boundary;  4)  vary  the  ratio  of  the  Jet  exit  plane  mean  velocity 
to  the  tunnel  speed. 


EXPERIMENTAL  EQUIPMENT  AND  TECHNIQUES 

A  two-color  laser  Doppler  veloclmeter  In  conjunction  with  a  phase  locked-loop  processor  Is  used  to 
make  the  velocity  measurements  (9).  The  two  strongest  frequencies  of  an  argon  Ion  laser  In  the  "all  lines" 
mode  of  operation  are  selected  for  use.  The  two-color  LDV  system  allows  the  velocity  at  two  different 
points  In  the  flow  fields  to  be  determined  with  displacement  between  the  probes  possible  In  all  three 
directions.  A  simple  laboratory  schematic  Is  shown  In  Figure  2. 


To  determine  the  static  and  wall  surface  pressure,  the  system  developed  by  Schroeder  (10)  and  Herllng 
(U)  Is  used.  The  essential  Items  Include  a  1/2  Inch  condenser-type  microphone  and  a  tape  recorder.  When 
cross-correlations  are  made  between  the  fluctuating  pressure  and  velocity  fields,  both  signals  are  filtered 
(lOUz  -  lOOOHz)  before  being  processed  In  order  to  achieve  a  good  slgnal-to-nolse  ratio. 


A  computer  program  Is  used  that  enables  the  spectra  of  both  the  pressure  and  velocity  to  be  obtained 
as  well  as  the  coherence  between  the  two  signals.  Coherence  Is  essentially  the  value  of  the  cross-correla¬ 
tion  coefficient  as  a  function  of  frequency.  If  G  and  denote  the  Fourier  Transform  of  the  auto¬ 
correlation  function  of  pressure  and  velocity  respectively, ^then  the  coherence,  defined  as  follows: 
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where  represents  the  Fourier  Transform  of  the  cross-correlation  function  between  the  pressure  and 
velocity  fluctuations. 

A  laser  light  scattering  technique  developed  by  Shaughuessy  (12)  Is  used  to  measure  the  concentration 
field.  The  passive  admixture  data  Is  presented  In  Reference  9. 

EXPERIMENTAL  RESULTS 


Mean  Velocity  Profiles 

A  comparison  of  the  mean  velocity  profile  for  the  flow  over  the  plate  and  the  flow  over  the  flap  to 
the  theoretically  predicted  classical  wall  jet  profile  is  presented  in  Figure  3.  The  velocity  profiles  in 
the  center  plane  (  y  /2r  •  0)  are  tested  for  the  fully  developed  classical  wall  jet  type  similarity  by 

plotting  (U  -  U„  )/(U  U_  )  versus  z/zlj.  Clearly  for  the  data  presented  here,  the  "top  hat"  profile  of 

the  flow  leaving  the  noizle  il  still  apparent.  For  any  particular  profile,  Umax  and  the  length  scale, 
are  obtained  from  the  smooth  curve  drawn  through  the  experimental  points.  The  length  scale,  z*5.  Is  the 
vertical  distance  from  the  wall  surface  to  the  point  where  (U  -  U^g)  ■  0.5  (Umax  -  U^g)  and  dU/dy  Is  nega¬ 
tive. 


The  data  presented  In  Figure  3  corresponds  to  three  different  downstream  locations  (x/2r  •  3.76,  4.0, 

and  4,24).  Focussing  Initially  on  the  mean  velocity  profile  for  the  flow  over  the  plate,  It  is  clear  that 
these  plots  are  quite  different  In  shape  from  the  classical  wall  jet  model.  The  Is  not  surprising  for  It 
has  been  theorized  that  the  wall  jet  actually  Is  slower  than  the  free  jet  In  achieving  similarity. 
Rajaratnam  et  al.  (13)  suggested  that  similarity  will  not  be  achieved  until  approximately  ten  to  fifteen 
diameters  downstream. 


Turning  next  to  a  discussion  of  the  flow  over  the  flap  at  x/2r  -  3.76,  the  mean  velocity  profile  Is 
comparable  to  the  profile  for  the  plate.  However  at  x/2r  >  4.0,  tRe  mean  velocities  plotted  are  close  to 
the  theoretical  classical  wall  jet  curve.  After  the  flow°has  passed  the  actual  curved  portion  of  the  flap 
(x/2r  •  4.24),  the  closeness  to  theory  Is  no  longer  present.  In  contrast  to  the  flow  over  the  plate, 
howevSr,  the  mean  velocity  profile  does  lose  Its  "top  hat"  or  flat  characteristic  much  more  rapidly.  Once 
again  evidence  Is  seen  of  the  earlier  breakup  of  the  potential  core  region  of  the  turbulent  jet  as  It  flows 
over  the  flap. 


To  check  similarity  of  the  mean  velocity  profiles  in  the  horizontal  planes  at  any  height,  s/2r  ,  from 
the  wall,  (U-U  )/(U  plotted  versus  'fl'lxi-}  1“  Figure  4.  The  quantity  Xj/,  I**®  length  scale 

In  the  y  or  transver^’^dlrlctlon  and  Is  equal  to  the  lateral  displacement  from  the  centerline  for  which 
0.5  (U 


(U  -  U^^) 
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The  mean  velocity  profiles  In  the  horizontal  planes  for  the  unconflned  coflowing  jet,  the  flow  over 
the  flap  and  the  flow  over  the  plate  at  a  given  z  location  are  compared  to  the  curve  predicted  by  Goertler 
(14)  for  a  free  circular  jet.  The  profiles  for  all  three  configurations  are  closer  to  the  theoretical 
curve  In  the  horizontal  plane  than  Is  the  case  for  classical  wall  jet  conqiarison  discussed  previously.  The 
mean  velocity  profile  for  the  flap  configuration  Is  the  closest  to  the  similarity  curve  while  the  unconflned 
jet  has  the  largest  discrepancies  for  the  vertical  heights  z/2r  -  0.5  and  z/2r  -  0.375.  However,  closer 
to  the  surface  It  Is  the  flow  over  the  flap  which  deviates  the  most  from  CoertlSr's  curve. 


From  this  discussion,  It  Is  apparent  that  the  flow  over  the  plate  tends  toward  the  fully  developed 
turbulent  shape  In  horizontal  planes  faster  than  In  the  vertical  plane.  Also,  the  flap  seems  most  effec¬ 
tive  In  transforming  the  flat  velocity  profile  characteristic  of  a  circular  nozzle.  With  respect  to  the 
unconflned  coflowing  jet  the  mean  velocity  profiles  are  closer  to  the  fully  developed  turbulent  shape  In 

the  horizontal  planes  at  z/2r  •  0.125  and  0.25  than  Is  the  case  at  z/2r  •  0.375  and  0.50. 

o  o 

In  Fig.  5  mean  velocity  profiles  for  the  longitudinal  component  are  presented  for  two  downstream 
locations  (x/2r  •  2,  4)  and  at  one  vertical  position  (z/2t  -  0.5)  for  all  three  flowflelds.  The  ratio  of 

the  local  excesS  velocity,  U-U_g,  to  the  excess  core  velocity,  U^-U_g,  Is  plotted  vs  lateral  displacement 
(non-dlmenslonallzed  by  twice  tne  radius  of  the  jet)  from  the  centerline  of  the  jet/flap  assembly). 


7-3 


Initially,  consider  the  comparison  of  the  width  of  Che  three  flow  configurations.  The  freely  expanding 
Jet  and  the  flow  over  the  plate  are  quite  comparable  In  width  both  at  two  and  four  diameters  downstream. 
However,  the  flow  over  rhe  flap  has  a  large  increase  In  width  compared  to  the  previous  configurations  at 
both  downstream  locations.  Second,  notice  the  effect  of  the  confining  walls  on  the  decay  of  the  centerline 
velocity.  At  x/2r  •  4,  for  example,  the  excess  centerline  velocity  has  decayed  to  approximately  0.9S 
(U  -U  )  for  the  c8f lowing  Jet,  0.90  plate  configurations,  and  0.55  (U  -U_„)  for  the  flow 

over  the  flap.  Thus,  as  the  turbulent  jet'^Tlows  over  the  flap,  the  velocity  field  Is  slgnllflcantly  widened 
and  decelerates  much  more  rapidly. 

Mean  velocity  parallel  to  the  surface  of  the  flap  U*  vs  perpendicular  height  above  the  surface  of  the 
flap  Is  presented  In  Fig.  6.  An  Interesting  observation  that  can  be  made  concerning  this  series  of 
profiles  Is  chat  U*/U  has  a  greater  maximum  value  at  x/2r  *•  4  than  at  x/2r  •  2.  This  seems  to  Indicate 

a  net  transfer  of  moi£ntum  from  the  core  of  the  Jet  down  tSward  the  surface  8f  the  flap. 

Hean  velocities  V  were  also  measured  in  the  lateral  (y)  direction  for  the  unconflned  Jet,  the  flow 
over  the  plate,  and  the  flap  configuration  at  the  same  downstream  location  (x/2r  ■  4  and  z/2r  >  0.5). 

This  comparison  is  presented  In  Fig.  7,  It  is  interesting  to  observe  that,  for  ¥he  flow  over  ¥he  flap,  the 

maximum  value  of  the  ratio  V/ (U^  -  has  approximately  doubled  the  maximum  value  found  for  the  unconflned 

case. 


For  the  flap  configuration,  a  profile  of  the  mean  velocity  H  In  the  vertical  direction  z  for  the 
downstream  location  x/2r  •  4  and  z/2r  -  0.185  also  Is  presented  In  Fig,  7.  Comparing  this  W  profile  with 
the  one  at  z/2r  -  0.5  yfelds  the  observation  that  the  Jet  seems  to  be  rotating  or  rolling  up  as  it  spreads 
out  over  the  surface  of  the  flap.  Vftiereas  at  z/2r  •  0.5,  the  maximum  value  of  U/(U„-Upg)  Is  obtained  at 
the  centerline  of  the  profile,  for  z/2r  0.185,  rhls  velocity  ratio  remains  small  and'^constant  In  the 

central  region  of  the  velocity  field  (ITe.  y  /2r  -  0)  and  reaches  a  maximum  at  approximately  y  /2r  - 
0.90.  °  ° 


In  Fig.  8  three  vertical  and  three  longitudinal  mean  velocity  profiles  are  presented  for  various  * 

domstream  locations  (x/2r  •  5.5,  6.0,  and  6.6)  at  the  vertical  position,  z/2r  •  -0.57  for  the  Jet/flap 

configuration.  These  profries  indicate.  In  a  quantitative  as  well  as  qualitative  manner,  the  effectiveness 
of  the  flap  In  turning  the  flow.  Figure  9  reinforces  th|;s  by  presenting  a  vectorial  diagram  of  the  resultant 
mean  velocities  at  the  centerline  (  y  /2r  ~  0)  as  the  ^low  proceeds  downstream. 


The  effects  of  the  velocity  ratio,  X  ,  on  the  wid^h  and  decay  of  the  centerline  velocity  for  the  three 
respective  mean  flow  fields  are  presented^ in  Figures  fO  and  11.  In  Figures  10  (a)  and  (b)  for  X  >5.1  and 
10.88,  the  nondlmenslonalized  mixing  width,  y  /2r  Is  plotted  versus  x/2r  for  z/2r  •  0.5.  The^quantity, 
y  ,  Is  defined  as  the  lateral  distance  from  tRe  c8n«erllne  to  the  locatloR  where  th8  mean  velocity  Is  the 
arithmetic  average  of  Its  value  on  axis  and  In  the /secondary  stream.  The  results  are  compared  to  a  theo¬ 


retical  curve  developed  by  Squire  and  Trouncer 


(1^. 


First,  consider  the  findings  for  X.  ■  5.1.  While  the  agreement  between  the  theoretical  curve  and 
experimental  results  for  the  coflowing  jet  Is  quite  good,  one  effect  of  the  confining  surfaces  can  be  seen. 
For  the  flow  over  the  flap;  the  value  of  y  /2f  Increases  much  more  rapidly  than  Is  the  case  for  the  other 
two  configurations.  With  the  plate  In  plaRe,  However,  the  value  of  y  /2r  Is  somewhat  smaller  than  that 
for  Che  coflowing  Jet  for  the  first  several  diameters  downstream  but  Rven¥ually  is  comparable  In  magnitude. 
For  X.  ■  10,88,  the  results  are  less  cle^.  However,  the  rate  of  Increase  of  y  /2r  Is  considerably  less 
for  tne  flap  than  la  the  case  for  X  •  J-.  1.  It  Is  difficult  to  draw  any  strong'''conclu8ion8,  however,  since 
the  data  Is  somewhat  sketchy.  Herej  qtao  the  mixing  widths  of  the  unconflned  jet  and  flow  over  the  plate 
are  comparable  In  magnitude. 


In  Figures  11  (a)  and  (b) ,  the  decay  of  the  centerline  mean  velocity  at  z/2r  •  0,5  for  varying  down¬ 
stream  locations  Is  presented.  In  these  Figures,  U  Is  the  center  line  velocity  8nd  U  Is  the  secondary 
(wind  tunnel)  velocity.  The  meaning  of  the  data  fo8  the  two  Jet/conf Inlng  surface  configurations  should  be 
discussed.  As  the  flow  exits  the  circular  nozzle,  the  plate  and  flap  tend  to  transform  the  "flat  top"  mean 
velocity  profile,  characteristic  of  an  Ideal  Jet,  Into  profiles  resembling  a  wall  Jet.  Thus,  the  velocity 
at  the  nozzle  center  line  would  be  expected  to  decrease  at  a  different  rate  for  the  Jet/plate  and  Jet/flap 
cases  as  compared  to  the  unconflned  case.  For  the  z/2r  shown  In  this  figure,  the  decrease  In  the  mean 
velocity  In  x  direction  Is  exagerated  by  the  fact  that  ¥he  flow  has  both  changed  direction  and  been  "drawn 
down"  toward  the  flap. 


For  X  >  5.1,  the  effectiveness  of  the  flap  In  decelerating  the  flow  in  the  x  direction  is  apparent  In 
Figure  11  xa).  The  more  rapid  decay  of  the  flow  over  the  plate  as  compared  to  the  unconflned  Jet  is  also 
noted.  When  X  -  10.88,  the  decay  of  the  unconflned  Jet  behaves  quite  similarly  to  the  case  for  the  smaller 
value  of  ^  .  The  plate  Is  slightly  less  effective  In  decelerating  the  flow  while  the  effectiveness  of  the 
flap  Is  reduced  significantly. 

The  two  observations  that  have  been  made  concerning  the  relative  rates  of  decay  of  the  centerline  mean 
velocity  and  the  Increase  In  the  mixing  widths  for  the  flows  over  the  flap  with  \  •  5.1  and  X.  ■  10.88  are 
consistent  end  merit  some  discussion.  The  Indication  seems  to  be  that  as  the  valne  of  X  gets^ larger  and 
approaches  the  value  corresponding  to  a  free  Jet  (.K"*  °°  ),  the  flap  becomes  less  effectl^  in  both  widening 
and  decelerating  the  flow.  ^ 


Turbulent  Intensities 


Measuring  turbulent  fluctuations  with  an  LDV  setup  Is  predicated  on  the  fact  that  the  marking  particles 
can  respond  to  the  Instantaneous  flowfleld.  For  this  experiment,  particle  lag  at  or  near  the  exit  plane  of 
the  nozzle  is  negligible.  Also,  the  rms  of  the  particle  response  differs  from  the  fluid  fluctuations  rms 
by  less  than  2X  up  to  approximately  2  x  10'’  Hz  (16).  In  effect,  the  particle  behavior  Is  similar  to  that 
of  a  low-pass  filter,  with  the  3-dB  point  at  4  x  lo’  Hz. 
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The  axial  and  lateral  distributions  of  the  turbulence  Intensities,  (u  )  /  plotted  vs 

lateral  displacement  from  the  centerline  at  the  vertical  location,  </2r^  -  0.3,^ln  rig.  12. 

For  the  case  of  the  unconflned  coflowing  Jet,  the  turbulent  Intensity  Increases  from  about  2.3t  to  32 
at  the  centerline  for  the  two  downstream  locations  shown.  In  clear  contrast,  to  this  case  are  the  two 
confined  flow  configurations.  Notice  that  for  the  flow  over  the  plate,  (u^) V(U  -U  )  Is  gieater  than 
either  the  unconflned  or  flap  cases  at  x/2r  •  2.  At  x/2r  _•  A,  however,  the  flow  Over  the  flap  clearly 
maintains  the  highest  turbulent  velocity  le$el.  In  fact,  ^u  ) V(U  -U  )  for  the  flow  over  the  flap  Is  more 
than  five  times  the  value  It  possessed  at  x/2r  -  2. 


Another  Important  observation  concerns  the  relative  turbulent  intensity  value  of  the  three  flow  con¬ 
figurations  In  the  region  0.3  i  y  /2r  <  1.  Whereas  the  flap  seems  to  be  amplifying  the  turbulence  field 
In  this  region  as  well,  the  IntensltleS  of  the  plate  flow  are  consistently  lower  than  either  of  the  other 
two  cases.  The  presence  of  the  confining  straight  wall  seems  to  be  diminishing  the  momentum  transferring 
process  occurring  In  the  outer  regions  of  the  flow. 
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Turbulent  Intensities  In  the  lateral  direction,  (v  )  /(U„-U  _),  are  shown  in  Figs.  13  and  14.  In  Fig. 
13,  a  comparison  of  the  Intensities  for  the  different  flow  configurations  at  the  same  downstream  location 
(x/2r  •  4  and  z/2r  -  0.3)  Is  presented.  Notice  that  the  turbulent  Intensity  In  the  lateral  direction  Is 

much  filghei^  in  the  Shearing  layer  of  the  unconflned  Jet  than  in  either  of  the  other  two  configurations.  In 
Fig.  14  (v  ) v(U^-U_-)  Is  presented  for  the  flow  over  the  flap.  It  Indicates  the  change  in  the  turbulence 
reaches  the  curved  portion  of  the  flap  structure. 


level  as  the 


flow  reS 


In  Figure  13,  the  turbulent  Intensity  at  y/2r  and  z/2r  ••  0.3  Is  plotted  versus  downstream  location, 
x/2r  .  For  both  X.  ~  3.1  and  X.  ~  10.88,  the  turbSlence  IncSeases  at  about  the  same  rate  for  both  the 
uncoSfined  coflowing  Jet  and  the  flow  over  the  plate.  The  magnitude  Is  consistently  higher  for  the  plate 
configuration.  In  fact,  X  seems  to  have  very  little  effect  on  the  experimental  data. 


For  the  flow  over  the  flap,  however,  the  value  of  the  parameter,  X  ,  Is  of  considerable  importance. 

In  the  case  with  X  -  10.88,  the  Increase  In  turbulence  is  at  a  higher  rate  than  Is  the  case  for  the  other 
two  configurations.  However,  with  X  -  3.1,  this  Increase  Is  much  more  rapid.  This  fact  Is  quite  consis¬ 
tent  with  the  observations  made  concerning  the  decay  of  the  mean  velocity.  At  the  location  In  the  flow 
field  where  the  Jet  la  decelerated  and  widened  at  the  most  rapid  rate,  the  turbulence  is  also  amplified 
greatly  giving  a  strong  Indication  that  the  flap  serves  to  quickly  break-up  the  potential  core  flow. 


Integral  Scales 

The  longitudinal  Integral  time  scale  In  the  x  direction  Is  defined  In  terms  of  the  autocorrelation 
coefficient  as 


Ti  -  R(t')  dt* 

or 

Tj  -  R(t')  dt' 

* 

where  t  Is  the  time  at  which  the  coefficient  first  reaches  the  value  of  zero.  To  obtain  the  length  scale, 
the  Integral  time  scale  Is  multiplied  by  the  local  mean  velocity,  again  using  the  "frozen"  turbulence 
approximation  (17). 

Thus  Lj  -  U  X  Tj 

Physically,  the  Integral  length  scale  Is  approximately  the  largest  turbulent  scale  In  the  flow. 


The  growth  of  the  Integral  length  scale  for  the  unconflned  Jet  for  both  values  of 
Figures  16  (a)  and  16  (b) . 


Is  addressed  in 


Figures  16  (a)  deals  with  the  development  of  the  Integral  scale  at  the  lateral  location  corresponding 
to  the  lip  of  the  nozzle  while  Figure  16  (b)  Is  concerned  with  the  centerline  growth.  At  the  lip  of  the 
nozzle,  the  Integral  length  scale  Is  found  to  grow  linearly  downstream  as  has  been  predicted  by  Laurence 
(18).  The  scale  for  the  unconflned  Jet  id.th  X  •  3.1  grows  somewhat  faster  than  is  the  case  when  X  • 

10.88.  At  the  centerline  of  the  flow  field,  the  Integral  scale  grows  similarly  for  both  values  of  X  . 

This  Is  not  too  surprising  since  the  velocity  of  the  outer  tunnel  flow  woulo  not  be  expected  to  have'^a 
significant  effect  on  the  turbulence  In  this  region  for  the  first  several  diameters  downstream. 

For  the  flow  over  the  flap,  the  development  of  the  Integral  scale  Is  quite  different  than  Is  the  case 
for  the  coflowing  Jet  and  Is  presented  In  Figure  17.  It  seems  possible  that  the  values  messured  at  both 
the  centerline  of  the  flow  field  and  out  at  the  lateral  location  of  the  Up  can  be  plotted  on  one  curve. 
Also,  Che  value  of  X  does  not  seem  to  Influence  the  results.  The  rapid  Increase  and  then  decrease  of  the 
values  of  the  Integral  scales  are  notable  In  Cm  respects.  First,  the  large  Jump  In  the  value  of  L^ 
actually  takes  place  before  the  flow  has  reached  the  curved  portion  of  the  flap.  This  Is  also  true  with 
respect  to  the  steep  decline.  An  understanding  of  this  behavior  lies  In  an  examination  of  the  definition 
of  the  Integral  length  scale.  First,  since  the  flow  field  over  the  flap  grows  at  the  most  rapid  pace,  one 
would  expect  the  Integral  length  scale,  which  Is  an  estimate  of  the  largest  scale  In  the  flow  to  reflect 
this  Increase.  However,  as  the  flow  approaches  the  actual  curved  portion  of  the  flap,  there  occurs  a 
turning  of  the  flow  direction  and  also  a  rapid  transforming  of  the  "top  hat"  mean  velocity  profile  Into  a 
profile  more  typical  of  a  wall  jet.  Thus,  the  faster  moving  fluid  particles  are  closer  to  the  flap  surface 
while  out  at  z/2r  -  0.3,  the  fluid  Is  moving  considerably  slower.  This  large  decrease  In  the  mean  velocity 
would  cause  a  decrease  In  the  magnitude  of  the  Integral  length  scale  If  the  Integral  time  scale  does  not 
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Increase  significantly  since  It  Is  the  product  of  Integral  time  scale  and  the  local  mean  velocity  which  are 
of  Importance.  In  fact,  the  Integral  time  scale  Is  nearly  constant  between  x/2r  -  2  and  x/2r  -  it. 
Secondly,  as  was  noted  previously,  the  Integral  scale  Is  at  best  a  very  weak  function  of  the  va?ue  of  X  . 
Though  the  presence  of  the  flap  amplifies  the  turbulence  In  the  Jet  to  a  lesser  extent  when  X  is  equal-^to 
10.88,  the  product  of  the  local  mean  velocity  and  the  local  Integral  time  scale  seems  Independent  of  the 
outer  tunnel  speed.  This,  however,  la  difficult  to  determine  precisely  since  the  gradients  of  the  Integral 
scale  are  very  large. 

The  growth  of  the  Integral  scales  for  the  flow  over  the  plate  Is  presented  In  Figures  18  (a)  and  18 
(b).  For  both  X  -  S.l  and  X  -  10.88,  the  Integral  scale  at  the  centerline  Is  consistently  larger  In 
magnitude  than  lx  Is  at  the  lip  of  the  noxzle.  After  roughly  four  diameters  downstream  from  the  exit 
plane,  the  growth  rate  for  all  four  curves  shown  Is  approximately  the  same.  In  the  data  presented  here, 
the  value  of  X  does  effect  the  magnitude  of  the  Integral  scale  for  the  first  few  diameters  downstream. 
However,  after^that,  virtually  no  Influence  can  be  ascertained. 

TAYLOR  MICROSCALES 


Let  u'  be  the  fluctuation  of  the  longitudinal  velocity  In  the  ambient  flow,  then  the  Taylor  microscale, 
of  turbulence  Is  determined  from  the  following  condition. 


du'  2 

O  - 


2 


For  isotropic  turbulence,  the  Taylor  microscale  can  be  rewritten: 


1/5 


^E(d)dk 


(d)  dk 


where  k  Is  a  wavenumber,  and  E(k)  Is  the  three  dimensional  energy  spectrum  function.  The  integral  In  the 
numerator  Is  an  Indicator  of  the  overall  scale  of  dissipation  while  the  Integral  in  the  denominator  Is  an 
Indicator  of  the  overall  scale  of  energy.  Thus  X^  may  be  thought  of  as  the  ratio  of  the  dissipation  of 
energy  to  the  total  amount  of  energy  In  flow. 

The  Taylor  microscale  can  be  determined  experimentally  by  fitting  a  parabola  to  the  autocorrelation 
coefficient  curve  near  the  origin.  The  Intersection  of  the  parabola  with  the  delay  time  axis  along  with 
the  use  of  Taylor's  hypothesis  yields  the  value  of  the  Taylor  microscale. 


of 


the  Taylor  microscale  for  the  three  flow  configurations  with  X  equal  to 


Table  1  shotis  the  value 

S.l  and  also  equal  to  10.88.  For  each  flow  field,  the  Taylor  microscale  is  determined  both  af’the  center- 
line  and  at  the  lateral  position  corresponding  to  the  lip  of  the  nozzle. 


Consider  Initially  the  microscales  determined  for  the  unconflned  turbulent  Jet.  The  values  shown  for 
the  centerline  position  are  fairly  constant  though  there  does  seem  to  be  a  slight  tendency  to  Increase. 
Downstream  from  the  lip  of  the  nozzle,  that  tendency  Is  seemingly  stronger.  It  Is  Interesting  to  note  that 
the  values  of  at  the  centerline  with  X  is  equal  to  5.1  are  consistently  lower  than  corresponding  values 
when  Xj  equals  10.88.  The  opposite  is  the  case,  however,  downstream  from  the  lip  of  the  nozzle. 

Next,  the  case  of  the  flow  of  the  Jet  over  the  plate  will  be  discussed.  Here  again,  a  slight  Increase 
In  the  value  of  the  Taylor  microscale  Is  noted  as  the  flow  progresses  downstream.  The  value  of  X.  does 
seem  to  have  a  strong  Influence  on  the  value  of  X_  downstream  from  the  lip  of  the  nozzle.  With  X^  equal  to 
10.88  the  values  of  \  out  In  the  shearing  layer  are  almost  an  order  of  magnitude  different  than  for  the 
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corresponding  position  for  the  smaller  value  of 


J" 


Finally,  consider  the  flow  of  the  turbulent  Jet  over  the  flap.  Here  at  the  centerline  and  the  shear¬ 
ing  layer  location,  the  Taylor  microscale  first  Increases  and  then  actually  decreases  in  value.  This  is 
the  case  for  both  ratios  of  Inner  Jet  velocity  to  outer  tunnel  flow  speed.  Since  the  Taylor  microscale  may 
be  thought  of  as  the  ratio  of  the  dissipation  of  energy  to  the  total  amount  in  the  flow,  consider  the 
Implication  of  X  decreasing.  A  decrease  In  the  magnitude  of  the  Taylor  microscale  represents  a  decrease 
In  relative  magnitudes  of  the  total  energy  In  the  flow  to  the  dissipation  In  the  flow.  Considering  the 
total  energy  aspect  first,  since  the  turbulence  obtains  Its  energy  from  the  mean  velocity,  a  decrease  In 
the  mean  velocity  will  eventually  show  up  as  a  decrease  In  the  total  energy  of  the  flow.  With  respect  to 
the  relative  Increase  In  the  dissipation  of  energy,  recall  that  the  dissipation  Is  dominant  at  high  frequen¬ 
cies.  The  flap  which  serves  to  amplify  the  turbulence  in  the  flow  field  quite  rapidly  enhances  the  energy 
cascading  process  and,  thus,  could  be  responsible  for  the  relative  Increase  in  the  magnitude  of  the  dissipa¬ 
tion.  Evidence  thus  points  to  the  fact  that  the  flap  has  a  very  strong  influence  on  the  turbulent  velocity 
field. 

Space-Time  Two  Point  Velocity  Correlations 

The  general  space-time  correlation  coefficient  for  two  points  separated  in  a  given  flow  field  is  as 
follows: 


J 


Rj  I  (x,  y,  z,  t. 


'f  ^2’  ^3’ 


)  - 


u(x.  y,  z;  t)  u'  (x  +  y  +  z  +  t  +  ) 
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where  f  t  and  represent  the  spatial  displacements  of  one  point  relative  to  the  other  and  represents 

the  delay  time,  Here»  the  space-time  correlations  are  limited  in  scope  to  fluxuatlng  velocities  In  the  x 
direction  only.  From  these  measurements,  it  la  possible  to  calculate  iso-correlation  curves  for  optimum 

delay,  t  .  Optimum  delay  time  refers  to  the  delay  time  at  which  the  correlation  is  a  maximum, 
m 

Typical  results  obtained  are  shown  in  Figures  19  thru  24.  Figures  19  thru  21  deal  with  the  case 
when  is  set  equal  to  zero  and  hence  are  cross-sectional  views  of  the  three  flow  fields  In  the  x-z  plane. 
Figures  22  and  24  correspond  to  the  iso-correlations  curves  obtained  with  ?  set  equal  to  zero  and  thus 
represent  cross-sectional  views  in  the  y-z  plane. 

The  reference  point  which  remains  fixed  for  all  the  correlation  coefficients  determined  in  the  three 
flows  has  the  following  coordinates: 

x/2r  *4  y/2r  *0  z/2r  “O.S 
o  o  o 

This  downstream  location  is  chosen  for  several  reasons.  First,  this  is  the  position  at  which  the  flap 
first  begins  to  curve  in  a  convex  manner  from  the  x-dlrection.  Secondly,  it  has  been  observed  in  many  of 
the  one  point  measurements  presented  earlier  In  this  report  that  there  are  significant  differences  in  the 
three  flows  at  this  position, and,  also,  the  statistical  properties  have  heen  carefully  documented. 

Before  progressing  further,  a  new  term  must  be  introduced  and  it  is  the  line  of  maximum  maximorura  of 
the  correlations.  Physically  what  is  nteant  la  that  a  line  S  is  drawn  through  t^e  pojnt  on  ea^h  correlation 
level  which  Is  separated  the  farthest  amount  from  the  reference  point  (i.e.,  (?2  ^ 

maximum).  With  this  line,  it  is  then  possible  to  get  an  idea  of  the  flow  pattern.  The  pattern  of^the 
iso-correlation  curves  describe,  in  a  qualitative  sense,  the  large  scale  structure  of  the  various  turbulent 

flow  fields.  The  line  S  helps  in  a  comparison  to  the  shapes  of  the  curves.  If  the  turbulent  flows  can  be 

considered  as  possessing  large  eddy  structures,  the  line  of  maximum  maxiraorum  yields  information  about  the 
sense  of  rotation  of  the  eddies  and  any  deformation. 

In  Figure  19,  the  iso-correlation  curves  in  the  x-z  plane  for  the  case  of  the  unconflned,  coflowing 
Jet  are  shown.  The  curves  are  very  elongated  in  the  streamwlse  direction  and  close  to  being  symmetric  with 
respect  to  the  f  axis.  This  is  not  the  case  about  the 

axis,  which  is  in  contrast  with  contours  presented  for  a  fully  developed  turbulent  boundary  layer  (5). 

Tne  difference  presumably  is  due  to  the  fact  Chat  part  of  the  flow  field  lies  in  the  potential  core  while 
the  rest  can  be  considered  a  mixing  region.  The  line  S,  marking  the  points  of  maximum  maximorum  of  the 
correlations  is  approximately  straight  which  would  be  the  expected  behavior. 

The  iso-correlation  curves  in  the  x-z  plane  for  the  case  of  the  turbulent  jet  flowing  over  the  plate 
are  shown  in  Figure  20.  Once  again,  the  curves  are  elongated  in  the  streamwlse  direction.  There  is  no 
axis  of  symmetry.  The  pattern  formed  by  the  iso-correlation  curves  is  very  complex  and  is  composed  partly 

of  two  different  lobes  of  high  correlation  value  levels.  The  line  S  is  drawn  through  the  points  of  maximum 

maximorum  of  the  correlations  as  was  done  in  Figure  19,  Downstream  of  the  fixed  reference  point,  the  line 

is  convex  towards  the  surface  of  the  wall.  Upstream  of  the  reference  point,  it  is  slightly  more  difficulty 

to  construct  Che  line,  but  it  also  seems  to  be  convex  cowards  the  plate's  surface,  Sternburg  (19)  has 
offered  a  possible  explanation  of  a  qualitative  nature  for  the  observed  shape  of  the  5-lines.  He  theorizes 
that  this  may  be  caused  by  the  mean  shear,  deforming  the  turbulence  flow  pattern  as  determined  by  its 
vorticlty  distribution.  The  maximum  correlation  will  be  determined  by  a  point  of  the  vorticity  pattern 
that  passes  the  fixed  laser  control  volume  at  t  equal  to  zero  and  is  observed  at  some  time,  t,  later.  The 
larger  eddies  which  have  a  longer  correlation  distance  will  rotate  due  to  the  distortion  of  the  mean  shear 
flow  in  a  clockwise  sense  and  with  a  center  of  rotation  In  x-z  plane.  As  the  second,  movable  control 
volume  approaches  the  plate,  a  point  of  the  flow  pattern  passing  the  fixed  laser  "probe"  at  t  «  0  will  be 
displaced  on  the  average  from  the  wall  by  this  rotation  for  t  0,  while  for  t  0  this  point  has  arrived 
from  a  upstream  position  also  at  a  greater  distance  from  the  wall.  The  rough  picture  would  lead  to  an 
S-llne  convex  towards  the  wall  below  the  center  of  rotation,  a  fairly  straight  line  near  the  center,  and  it 
will  be  curved  concave  to  the  wall  above  the  center. 

The  iso-correlation  contours  in  the  x-z  plane  for  the  flow  of  the  turbulent  jet  over  the  flap  are 
presented  in  Figure  21.  As  is  the  case  for  the  plate  configuration,  the  pattern  formed  by  the  Isocontours 
is  not  symmetric  about  either  the  or  the  ^  axis.  Before  it  has  been  observed  that  the  previous  two 
controus  demonstrated  an  elongation^in  the  streamwlse  direction.  For  the  flow  over  the  flap.  The  elonga¬ 
tion  exists  but  the  pattern  formed  is  rotated  a  sizeable  amount  from  the  longitudinal  direction.  Through 
the  points  of  maximum  maximorum  of  the  correlations,  the  line  S  is  drawn.  Before  applying  Sternburg's 
approach,  it  is  first  necessary  to  recall  the  geometry  of  the  flap  and  the  relative  position  of  the  refer¬ 
ence  "probe."  In  Figure  I,  a  view  of  the  jet/flap  assembly  is  shown.  After  a  distance  of  approximately 
four  diameters  downstream  from  the  exit  plane  of  the  nozzle,  the  tangent  to  surface  of  the  flap  rotates 
quickly  away  from  the  horizontal  direction.  Thus,  any  position  for  the  second  "probe"  downstream  of  the 
x/2r  ■  4  plane  would  be  over  the  curved  section  of  the  flap's  surface.  Now,  consider  the  shape  of  the 
linens  in  Figure  21.  Downstream  of  the  reference  point,  the  line  heads  down  towards  the  wall  surface  and 
is  also  convex  relative  to  the  flap.  Upstream  the  line  is  also  Inclined  with  a  negative  slope  from  the 
x-direction,  and  is  essentially  straight.  Clearly,  it  is  possible  to  say  from  observing  the  iso- 
correlation  contours  that  the  flow  is  being  turned  by  the  flap.  Secondly,  considering  the  change  in  shape 
of  the  flap  surface  and  the  convex  shape  of  the  line  S  downstream,  Sternburg's  ideas  can  be  reasonably 


applied  once  again.  For  the  clockwise  rotation  of  the  large  eddies,  a  point  of  the  flow  pattern  passing 
Che  reference  control  volume  will  tend  to  both  be  turned  downward  by  the  flap's  surface  and  also  he  dis¬ 
placed  on  the  average  from  the  wall  by  this  rotation  for  a  positive  delay  time.  Tlie  flow  pattern  upstream 
of  Che  fixed  reference  point  indicates  the  direction  from  which  the  flow  is  coming. 

In  Figure  22,  the  iso-correlat ion  curves  in  the  y-z  plane  for  the  uncunflned  coflowing  turbulent  jet 
flow  field  are  shown.  The  eccentricity  of  each  of  the  curves  does  vary  but  is  essentially  zero  and  thus 
the  iso-correlation  levels  are  close  to  being  circles  in  shape.  Hence,  symmetry  in  the  flow  exists  about 
the  and  the  ^  axes.  Though  Sternburg's  Ideas  cannot  be  applied  in  the  y-z  plane,  the  line  S  can  be 
constructed  and  from  its  shape,  a  rough  estimate  of  the  flow  pattern  can  be  obtained.  For  the  unconflned 
Jet,  the  line  of  maximum  maxlmorum  can  be  drawn,  starting  from  the  center  of  the  field,  off  in  any  radial 
direction.  One  line  Is  arbitrarily  constructed  for  the  sake  of  clarity.  From  observing  the  line  S  and  the 
Iso-correlatlon  curves,  an  indication  that  the  Jet's  flow  field  is  spreading  out  equally  in  all  direction 
is  apparent.  The  Lower  correlation  levels  farther  out  from  the  cneter  line  represent  fluid  particles  which 
have  been  separated  from  the  potential  core  the  longest  period  of  time. 

Consider  next  the  iso-correlatlon  curves  in  the  y-z  plane  for  the  flow  of  the  turbulent  jet  over  the 
plate  (Figure  23).  The  change  in  the  shape  of  the  curves  caused  by  the  presence  of  the  plate  is  apparent. 
The  Iso-correlatlon  curves  are  elongated  in  the  lateral  direction.  Although  Che  flow  pattern  is  clearly 
not  symmetric  about  the  ^  *xis,  symmetry  does  exist  with  the  respect  to  the  ^  axis.  As  was  the  case  in 
the  x-z  plane,  the  line  S  is  again  somewhat  more  difficult  to  construct.  Allowing  some  author's  discre¬ 
tion,  the  line  S  moves  out  from  the  center  of  Che  flow  in  a  slightly  convex  manner  with  respect  Co  the 
plate's  surface.  Two  impressions  can  be  drawn.  Initially,  the  turbulent  Jet  is  drawn  downward  toward  the 
plate.  Secondly,  there  exists  an  indication  that  the  flow  may  be  rolling  up  in  the  outer  regions,  or  at 
least  some  type  of  canted  rotating  motion  of  the  larger  eddies  to  the  longitudinal  downstream  is  being 
observed.  It  is  instructive  to  compare  the  differing  flow  patterns  displayed  in  Figures  22  and  23.  The 
width  of  area  enclosed  by  the  iso-correlatlon  curves  is  significantly  smaller  for  the  flow  over  the  plate 
for  ^  about  the  same  for  *  0  and  somewhat  larger  for  the  f  >  0.  The  second  observation  Is  rein- 
forcea  by  the  measurements  made  of  Che  mixing  widths  and  the  intermlttency  profiles  for  the  two  flows. 

Lastly,  the  iso-correlatlon  curves  in  the  y-z  plane  for  the  flow  of  the  turbulent  jet  over  the  flap 
are  shown  in  Figure  24.  The  Iso-correlatlon  curves  are  markedly  elongated  In  the  z  direction.  The  flow 
pattern  is  symmetric  about  the  axis,  but  asymmetric  with  respect  to  the  axis.  The  line  S  Is  drawn 
appropriately  through  the  flow  field  pattern.  The  first  impression  is  one  oi  noticing  the  narrowness  of 
the  flow  pattern.  As  has  been  mentioned  previously,  the  flap  Is  much  more  effective  In  amplifying  the 
turbulence  levels  of  the  turbulent  jet.  This  more  rapid  and  intense  mixing  action  would  manifest  Itself  in 
a  decrease  in  Che  coherence  of  the  flow  field  pattern.  Thus,  In  the  outer  mixing  region,  the  turbulent  jet 
is  more  apt  to  have  forgotten  Its  previous  flow  conditions,  and  correlations  between  the  center  of  field 
and  a  second  point  farther  out  In  the  mixing  Layer  would  be  weaker.  Secondly,  consider  the  direction  of 
the  line  S,  Downstream  of  the  fixed  reference  point,  the  line  Is  clearly  heading  in  a  negative  (l.e, 

-z)  direction.  Upstream,  there  is  some  arbitrariness  Involved,  but  the  line  also  has  a  negative  „  heading. 
From  the  flow  pattern  the  impression  is  made  again  that  flap  is  quite  effective  In  turning  the  flow.  At  a 
positive  delay  time,  the  particles  that  were  at  the  reference  point  have  moved  steadily  downward  toward  Che 
surface  of  the  flap,  and  thus  a  stronger  correlation  level  exists.  The  same  type  of  agreement  can  also  be 
made  for  the  flow  upstream  of  the  reference  point. 

D.  Pressure-Velocity  Correlations 

Additional  information  concerning  the  turbulence  structure  of  the  various  flow  fields  can  be  gained 
from  measurements  of  the  pressure  fluctuations  at  both  the  wall  and  in  Che  turbulent  jet  and  correlating 
chose  signals  with  fluctuating  turbulent  velocities  In  the  potential  cote  and  In  the  shearing  region. 

Pressures  are  measured  either  at  surface  ports  located  on  the  flap  or  plate  or  by  a  pressure  probe  in 
the  flow.  In  either  case,  the  following  space-time  correlation  are  measured: 


P(x,t)u(x  ♦  '^,t  ♦  T) 


where  ?  Is  the  position  of  the  velocity  "probe,"  measured  relative  to  the  pressure  probe  and  p  is  the 
static  pressure  measured  at  the  wall  or  In  the  flow  field. 


The  primary  focus  of  this  segment  of  the  experimental  investigation  is  to  determine  the  relationship 
between  the  pressure  and  the  velocity  fields.  To  show  the  dependence  between  the  two  fields,  the  coherence 
is  plotted  for  various  pressure  and  velocity  monitoring  locations.  Coherence,  which  can  be  considered  a 
correlation  coefficient  which  varies  with  frequency,  is  defined  as  follows: 
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where  G. • •  Gj.  are  the  Fourier  Transforms  of  the  Individual  autocorrelation  functions  and  C, ^  is  the  Fourier 
Transfora  of^the  cross-correlation  function. 
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1.  Wall  Pressure  Fluctuations 

Cross  correlations  between  fluctuating  pressure  signals  measured  at  surface  ports  In  the  plate  and 
flap  and  turbulent  velocity  signals  monitored  at  various  locations  in  the  flow  field  are  determined. 

Consider  first  the  case  of  the  flow  over  the  plate.  To  clarify  the  relationship  between  pressure  and 
velocity  fluctuations,  power  spectral  densities  and  coherence  are  determined  with  the  laser  "probe"  at  |,/2r 
•  0.2,?j/2r^  •  -  0.  Examples  of  the  results  for  K/2r^  «  4  are  shown  in  Figures  25-27.  ° 


Here  the  lateral  positioning  of  tlie  pressure  purl  and  laser  probe  varies  from  y  /2r  •  0  to  y  /2r  • 

1.  It  is  found  that  inside  the  lip  of  the  nozzle,  y  /2r  •  0.5  the  velocity  spectra  and  pressure  spectra 

are  characterized  by  large  peaks  at,  in  this  instance,  approximately  30U  Hz.  The  coherence  between  the 
pressure  and  velocity  signals  is  clearly  the  strongest  at  this  peak  frequency.  As  the  pressure  and  velo¬ 
city  nxpnitoring  "probes’*  are  moved  outward  from  y  /2r  •  0.5  the  spectral  peaks  are  attenuated  and  the 

resultant  decrease  in  the  coherence  is  noted. 

Coherences  are  also  determined  for  the  flow  over  the  plate  with  varying  from  0  to  I,  f./2r  •  U 

and  •  0.5  (Figure  28).  Physically,  the  laser  control  volume  is  helS  fixed  at  the  location  x/2r‘^  - 

4,  y‘*/2r  ■  0,  and  z/2r  •  0.5  with  the  fluctuating  velocity  signal  being  correlated  with  surface  pressures 
measured  8t  x/2r  •  4,  »  0,  and  y  /2r  ■  0,  0.5  and  1.  Though  not  shown  here,  It  Is  found  that  the 

velocity  spectra  are  not  as  peaked  as  Is  the  case  at  z/2r  «  0.2  and,  hence,  the  coherence  between  tiie 
pressure  and  velocity  signals  is  diminished.  Note  that  tHe  coherence  decreases  as  the  surface  probe  is 
moved  laterally  outward  from  the  jet  centerline. 

For  the  flow  over  the  flap,  coherences  are  determined  between  the  pressures  monitored  at  Che  surface 
and  the  velocities  at  the  y  /2r  »  0  location.  The  downstream  location  is  held  fixed  at  x/2r  •  4.  In 

Figure  29,  coherences  are  shown  with  the  laser  "probe"  held  fixed  at  /2r  -  0  and  z/2r  •8,2  while  in 

Figure  30,  the  laser  toeasuring  volume  is  located  at  y  /2r  •  0  and  z/2r  •  8.5.  Many  of  ¥he  same  observa¬ 
tions  that  were  made  concerning  the  flow  over  the  plate  can  be  made  once^agaln.  The  velocity  spectra  are 
found  to  be  much  more  peaked  closer  to  the  surface  of  the  flap.  The  coherence  is  larger  in  magnitude 
between  the  wall  surface  pressure  and  the  velocity  fluctuations  with  ^./2r  •  0.2.  Also,  the  coherence  is 
the  strongest  at  approximately  300  Hz.  ^ 

2.  Pressure  Fluctuations  at  Probe 

Cross  correlations  and  coherences  are  determined  between  the  static  pressure  measured  by  a  static 
pressure  probe  and  the  turbulent  velocity  fluctuations  measured  at  the  Jet  axis.  The  pressure  Is  monitored 
at  three  lateral  locations  (i.e.,  y  /2r  •  0,  0.5,  1.0)  with  Che  velocity  control  volutoe  remaining  fixed. 

The  vertical  location  for  the  pressure  probe  and  LDV  volume  remains  fixed  at  z/2t  ■  0.5. 

o 

For  the  unconfined,  coflowing  Jet,  the  coherences  between  the  fluctuating  pressure  and  velocity  signals 
are  shown  In  Figures  31-33  for  the  doiimstream  location,  x/2r  •  4.  In  Figure  31,  power  spectral  densities 
as  well  as  Che  coherence  between  the  pressure  and  velocity  f^eld  are  presented  with  ^^/2r  •  0.  Notice 

that  the  spectra  and  the  coherence  peak  at  approximately  300  Hz,  as  was  the  case  for  the  pressure  measured 
at  the  wall.  In  Figures  32  and  33,  as  the  pressure  probe  is  moved  radially  outward,  the  coherence  de¬ 
creases. 

Next,  consider  the  case  of  the  turbulent  jet  flowing  over  the  flat  plate  for  the  downstream  location, 
x/2r  «  4.  The  pressure  spectrum  is  again  found  to  be  markedly  peaked  at  300  Hz  at  y  /2r  •  0  and  this 

"buffl^"  Is  both  broadened  and  attenuated  out  from  Che  jet  axis.  The  velocity  spectrum  is  n8t  as  peaked  as 
It  Is  the  case  of  the  unconfined  jet.  The  coherence  of  the  two  fluctuating  signals  (Figure  34)  has  been 
significantly  reduced  with  the  plate  in  the  flow  field,  and  It  decreases  with  increasing  lateral  separation 
of  the  pressure  probe  and  the  laser  control  volume.  The  coherences  obtained  from  the  turbulent  jet/flap 
configuration  for  the  downstream  location  x/2r  •  4  are  shown  In  Figure  35,  The  peak  in  the  velocity 
spectra  has  been  virtually  eliminated.  It  is  interesting  to  compare  the  coherence  of  each  position 

for  this  flow  with  the  jet/plate  and  unconfined  Jet  flow  fields.  The  coherences  for  the  two^con?lned  jet 
flows  are  quite  close  in  magnitude.  The  transformation  of  the  turbulent  jet  Into  either  a  classical  wall 
jet  or  curved  wall  jet  does  decrease  the  relationship  between  the  fluctuating  pressure  and  velocity  fields. 

Figure  36  shows  Che  change  in  Che  value  of  the  correlation  coefficient  at  a  given  lateral  location  as 
the  flow  progresses  downstream  in  each  of  the  three  configurations.  The  decrease  In  the  correlation  co¬ 
efficient  as  x/2r  Increases  is  apparent.  Also,  the  flow  of  the  unconflned,  coflowing  turbulent  jet  main¬ 
tains  the  highest  value  of  the  coefficient  at  each  measurement  position, 

CONVECTION  VELOCITIES 


The  possibility  exists  of  defining  many  kinds  (20)  of  convection  velocities.  Favre,  (^viglio  and 
Dumas  (21)  showed  that  convection  velocities  can  be  determined  from  iso-space-tlme  velocity  correlation 

curves  R.  .  (^,0,0,T).  Favre  et  al«  then  defined  the  convection  velocity  as  follows: 

1*1 


Ucoa 


max 


where  t  is  the  delay  time  for  %ihlch  R,  ,  has  a  maximum  value, 
max  1*1 

la  particular  In  the  case  of  relatively  strong  Inhomogenlety  taking  In  the  dimensionless  time  U  t/L, 
an  average  value  of  U  across  the  distance  ,,  I.e. 
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Uj  -  I-  ^d  ♦  Uj(x  +  ?j)J 


where  L  Is  any  suitable  length  scale. 

The  convection  velocities  determined  for  the  three  different  flow  configurations  are  shown  In  Table 
II.  Here  for  a  given  longitudinal  displacement,  nondlmenslonallzed  by  twice  the  radius  of  the  Jet,  between 
the  two  measuring  laser  "probes,"  the  non¬ 
dlmenslonallzed  delay  time  and  the  ratio  fo  the  convection  velocity  to  the  mean  velclty  are  given.  Mean 
velocity  here  refers  to  the  average  value  determined  using  Favre's  definition. 


Focussing  Initially  on  the  convection  velocity  calculated  for  the  unconflned,  coflowing  turbulent  jet, 
the  ratio  of  the  Ucon  to  U.  Is  very  close  to  unity,  and.  Indeed,  remains  fairly  constant.  Thus,  In  this 
case,  at  least,  the  convection  velocity  appears  to  be  almost  Independent  of  the  separation  distance.  Next, 


consider  the  case  of  the  turbulent  jet  flowing  over  the  plate.  Here  something  quite  Interesting  happens. 

As  the  flow  progresses  downstream,  the  convection  velocity  has  approximately  the  same  value  as  the  mean 
velocity  for  ?  /2r^  4  0  but  for  ?./2r  Increasing  positively,  the  ratio  Ucon/U  Is  greater  than  unity. 

This  phenomenon  also  occurs  In  turbulent  boundary  layers  over  flat  plates  (11);  To  explain  the  reason  for 
this  behavior,  recall  the  vertical  height  above  the  surface  of  the  plate  at  which  these  measurements  are 
taken  and  also  the  shape  of  the  mean  velocity  profile  for  this  flow  In  the  center  vertical  plane.  Notice 

that  there  Is  a  region  of  faster  moving  fluid  particles  closer  to  the  wall  surface.  Also,  as  the  flow 

progresses  downstream,  the  profile  approaches  that  found  for  a  classical  wall  Jet.  Hence  though  the  ratio 
of  Ucon/Uj  may  be  greater  than  unity,  the  ratio  of  Ucon/U  max  will  never  be. 

Finally,  consider  the  flow  of  the  turbulent  jet  over  the  flap.  Notice  that  for 
?,/2r  <  0,  the  value  of  the  ratio  of  Ucon/U  Is  slightly  greater  than  unity.  This  can  be  explained  using 
the  sSme  logic  that  is  used  In  the  previous  paragraph.  The  reason  that  Ucon/U  ^  1  occurs  sooner  than  is 
the  case  for  the  flow  over  the  plate  Is  that  the  mean  velocity  profile  over  the  curved  surface  In  the 

center  vertical  plane  Is  transformed  much  more  effectively  and  rapidly  from  the  ideal  Jet's  "flat  top"  to 

the  wall  Jet  shape.  For 

§,/2r>  0,  the  convection  velocity  has  decreased  substantially.  Presumably  this  Is  due  to  the  fact  that 
the  ffow  Is  undergoing  a  change  In  direction. 

A  summary  of  the  significant  results  detailed  In  this  experiment  will  now  be  given.  The  presence  of 
the  confining  surfaces  was  found  to  be  of  Importance  In  the  resultant  effects  on  both  the  mean  and  fluctua¬ 
ting  part  of  the  turbulent  velocity  field  of  the  Jet. 

It  was  found  that  for  the  flow  over  the  plate,  the  mean  velocity  field  tended  toward  the  fully 
developed  turbulent  shape  In  different  horizontal  planes  fsster  than  In  the  vertical  plane  at  y/2r  •  0, 
Also,  the  flap  seemed  more  effective  In  changing  the  flat  velocity  profile  characteristic  of  a  circular 
nozzle  Into  a  wall  Jet  profile. 

Convection  velocities  were  determined  for  the  three  flow  configurations.  The  convection  velocity 
determined  for  Che  unconfined  Jet  was  found  to  be  approximately  equal  to  the  local  mean  velocity  and  also 
to  be  Independent  of  the  separation  distance  between  the  "probes."  For  the  cases  of  the  flows  over  the 
plate  and  flap,  the  convection  velocity  was  greater  than  the  local  mean  velocity  In  several  Instances  when 
the  local  velocity  was  considerably  less  than  the  maximum  velocity  at  that  particular  downstream  location. 

Longitudinal  Integral  length  scales  and  Taylor  microscales  were  determined.  The  Integral  scales  for 
the  flap  were  seen  to  have  a  rapid  Increase  and  Chen  decrease  In  magnitude  as  the  flow  approached  the  start 
of  the  curved  portion  of  the  surface.  For  the  unconfined  turbulent  Jet,  the  growth  of  the  Integral  scale 
at  y  /2r  was  linear,  as  predicted.  At  best,  the  Integral  scale  development  for  the  three  different 
configurations  was  a  weak  function  of  X  .  The  value  of  X  did  strongly  Influence  the  magnitude  of  the 
Taylor  microscale,  X^,  at  the  lateral  position  corresponding  to  the  lip  of  the  nozzle. 

Pressure  velocity  correlations  using  both  the  static  pressure  probe  and  the  surface  ports  yielded 
strong  evidence  that  as  the  flow  progresses  downstream,  and  the  flow  becomes  a  fully  developed  turbulent 
Clow,  the  relationship  between  the  pressure  and  velocity  fields  diminishes.  For  the  first  several 
diameters  downstream  from  the  exit  plane  when  the  pressure  and  velocity  spectra  peak  at  approximately  300 
Hz,  the  coherence  between  the  two  fluctuating  fields  Is  the  strongest. 

Auto  and  cross  correlations  were  determined  for  the  concentration  field  at  various  downstream  loca¬ 
tions.  At  x/2r  -  4,  the  autocorrelation  coefficient  curve  was  found  to  possess  a  damped  sinusoidal  nature 
for  the  three  different  flow  configurations.  The  concentration  fluctuations  at  y  •  i  O.S  were  found  to  be 
related  both  at  x/2r  •  4  and  x/2r  -  8.  The  maximum  absolute  values  of  the  cross  correlation  coefficient 
did  decrease  slzably  from  four  to  eight  diameters  downstream  of  the  exit  plane,  however.  The  power  spectra 
for  the  Jet,  Jet/plate,  and  Jet  flap  all  exhibited  a  peak  at  x/2r  •  4  at  approximately  the  same  frequency 
as  that  found  In  the  core  velocity  spectra.  Here  again,  evidence  exists  In  reinforcement  of  the  vortex 
model  of  the  Jet.  The  plate  and  the  flap  did  seem  to  diminish  the  peak  and  also  seemed  to  cause  a  shift  of 
energy  to  lower  frequencies  In  the  spectra. 

Space-time  correlations  for  Che  turbulent  velocity  fields  were  obtained,  and  the  lines  of  maximum 
maxlmorum  were  constructed  for  both  the  x-z  plane  and  the  y-z  plane.  For  the  unconfined  Jet,  the  Iso- 
correlatlon  levels  were  symmetric  with  respect  to  the  §  axis  though  very  elongated.  The  line  of  maximum 
maxlmorum  was  straight  and  parallel  to  the  ^  axis.  In‘the  y-z  plane,  the  Iso-correlatlon  levels  were 
circular  in  shape  about  the  ?.  axis.  For  the  flow  over  the  plate,  the  Iso-correlatlon  curves  In  the  x-z 
plane  were  very  complicated  and  elongated  In  the  direction  and  the  line  of  maximum  maxlmorum  was  cured 
convex  towards  the  wall  both  upstream  and  downstream  of  the  fixed  reference  "probe."  For  the  flow  over  the 
flap  the  Iso-correlatlon  curves  were  elongated  and  rotated  down  towards  the  surface  In  the  x-z  plane, 
evidence  also  existed  as  to  confirm  the  effectiveness  of  Che  flap  In  turning  the  flow.  The  Iso-correlatlon 
contours  for  the  turbulent  flow  fields  demonstrate  the  existence  of  large  scale  structures.  Consider  the 
fact  that  Che  shape  of  the  contours  Is  significantly  different  for  each  of  the  three  flow  configurations  In 
both  the  x-z  and  the  y-z  planes.  The  flow  "knows"  whether  or  not  a  confining  surface  is  present  and  also 
"senses"  if  the  wall  Is  curved  or  flat.  This  "knowledge"  Is  then  seemingly  transmitted  throughout  the  flow 
field. 


This  experimental  Investigation  has  shown  that  large  scale  structures  do  exist  In  the  near  field  of 
the  turbulent  Jet.  The  two  point  velocity  and  concentration  measurements  document  this  observation.  The 
place  and  the  flap  were  found  to  strongly  Influence  the  large  scale  structure  of  the  Jet. 

Several  conclusions  can  be  reached.  First,  the  flap  served  to  diminish  the  extent  of  Influence  of  the 
large  scale  structures  In  the  flow  field.  This  should  help  In  reducing  the  structural  loads  the  flap  or 
wing  must  endure.  Instead  of  one  dominant  frequency  In  the  velocity  field,  the  turbulent  fluctuations  In 
the  entire  power  spectrum  would  be  amplified.  The  Implication  would  then  be  to  mount  the  nozzle  as  close 
as  possible  to  the  curved  portion  of  the  flap.  The  second  conclusion  la  In  reference  to  comparing  the 
velocity  flow  field  with  the  two  different  velocity  ratios,  X  .  There  exists  considerable  doubt  as  to 
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whether  or  not  the  Jet  flow  will  even  remain  attached  as  the  velocity  ratio  between  the  Inner  Jet  flow  and 
the  tunnel  flow  tends  towards  Infinity.  The  significance  of  measurements  made  In  a  static  testing  configu¬ 
ration  (X^  ■*  ®)  Is  quite  questionable. 
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SUMMARY 


In  order  to  clarify  the  interaction  between  rotationally  symmetric  engine  jets  and  af¬ 
terbody  configurations,  the  dependence  of  the  jet  characteristics  (i.e.  the  plume  effect 
and  the  entrainment)  and  the  afterbody  pressure  drag  on  the  jet  parameters,  the  free 
stream  Mach  number  and  the  afterbody  geometry  has  been  analysed.  Extensive  tests  have 
been  carried  out  in  the  high  subsonic  Mach  number  range  on  three  different  afterbodies 
at  Reynolds  numbers  from  0.5  x  10®  to  1.3  x  10®.  The  nozzle  pressure  ratio  and  the 
temperature  ratio  of  the  model  jets  were  varied  in  the  range  Ptj/Pee  *  (1-0)  1.2  to  2.4 
and  T^j/T„  1.0  to  2.86  respectively.  Measurements  were  then  carried  out  to  determine 
the  static  pressure  and  temperature  distribution  as  well  as  the  boundary-layer  profiles 
over  the  surface  of  the  models.  At  the  same  time,  the  pressure  and  temperature  profiles 
in  the  jet  were  determined  in  several  planes  behind  the  jet  exhaust  plane.  Prom  the 
experimental  results  empirical  equations  have  been  set  up  which  show  the  dependence  of 
the  plume  effect,  the  entrainment  and  the  afterbody  pressure  drag  on  the  jet  parameters, 
the  free  stream  Mach  number  and  the  afterbody  geometry.  With  the  aid  of  a  finite-element 
method  and  theoretical  potential  flow  model  for  jet  simulation,  a  numerical  procedure 
has  been  developed  which  allows  the  pressure  drag  on  rotationally  symmetric  afterbodies 
to  be  calculated  with  due  allowance  for  the  effects  of  the  engine  jets.  Comparison  of 
the  theoretical  and  experimental  results  shows  a  satisfactory  agreement. 
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gradient  of  the  mass  flow  increase  of  jet 

D 

mm 

nozzle  diameter  (=■  2R) 
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jet  temperature  ratio 

V 

nablaoP^tor-  {- . 
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w  kp 

dfSg 

jA 

jet  axis 

w*  m/s 

velocity  distribution  of  the  jet 

t 

total 

entrairunent,  eq.  (4.1 .6) 

i.j.k 

indices  of  the  coefficients  of  the 

polynomial 

d.  Indices 

n 

in  normal  direction 

free  stream 

t 

in  tangential  direction 

j 

jet 

(e) 

related  to  the  element 

jO 

settling  chamber 

ik 

incompressible 

k 

compressible 

1 .  INTRODUCTION 


To  make  predictions  of  both  the  performance  and  the  aerodynamic  properties  of  an 
aircraft,  a  comprehensive  knowledge  is  required  as  far  as  the  aerodynamics  of  airframe 
configurations  and  engine  performance  is  concerned.  On  the  condition  that  the  flow  is 
attached  to  the  airframe  it  is  nowadays  quite  possible  to  make  relatively  accurate 
statements  about  the  characteristics  of  aircraft  configurations  with  nacelles,  external 
stores,  etc.  However,  when  a  jet  engine  is  installed  into  the  airframe  the  interaction 
of  the  jet  on  the  surrounding  flow  Held  must  be  taken  into  account.  In  the  case  of  an 
aircraft  development  this  means  that  the  jet  effects  must  be  understood  empirically  or 
theoretically  and  taken  into  consideration. 
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Fig.  1 ;  Schematic  drawing  of  interactive  parameters  with  after¬ 
body  jet  flow. 


Basically,  a  thrust 
jet  emerging  from 
the  engine  nozzle 
has  two  effects  on 
the  surrounding  flow 
field.  Fig.  1; 

1.  The  jet  has  a 
plume  effect  acting 
on  the  flow. 

2.  The  jet  acts  as 
a  sink,  removing 
mass  from  the  sur¬ 
rounding  flow  field 
(entrainment  ef¬ 
fect)  . 

Both  effects  cause 
the  engine  jet  and 
the  airframe  flow  to 
interact. 


The  development  of  aircraft  with  engines  installed  in  the  afterbody  section  has 
always  shown  that  it  is  difficult  to  accurately  determine  the  afterbody  pressure  drag 
which  on  the  one  hand  depends  on  the  afterbody  geometry  and  on  the  other  hand  is  af¬ 
fected  by  the  plume  effect  and  entrainment  of  the  jet.  In  turn,  the  jet  effects  depend 
on  the  parameters  of  the  jet  and  flow  as  well  as  on  the  afterbody  geometry. 

Today,  numerous  studies  are  found  in  the  literature  which  deal  with  the  problem  of 
afterbody  pressure  drag.  Ref.  1  to  16  etc.  The  results  obtained  from  tests  on  after¬ 
body  drag  have  almost  exclusively  been  discussed  from  the  view  of  the  afterbody  geome¬ 
try,  omitting  a  thorough  analysis  of  the  jet  effects  of  the  plume  and  entrainment.  How¬ 
ever,  the  spreading  behaviour  of  the  jet  has  not  been  simultaneously  investigated.  Im¬ 
portant  information  on  spreading  angles  and  entrainment  velocity  of  the  jet,  which  is 
required  for  the  basic  examination  of  the  interaction  of  the  jet  and  afterbody,  is 
therefore  not  available.  In  general,  the  problem  of  jet  simulation  in  wind  tunnel  tests 
is  very  difficult,  placing  exacting  requirements  on  the  wind  tunnel  test  technology.  The 
different  results  obtained  from  wind  tunnel  and  flight  tests  emphasize  the  need  to  adapt 
the  test  conditions  to  reality,  if  possible,  and  to  employ  exact  jet  simulation  tech¬ 
niques. 


Furthermore,  numerous  studies  are  found  in  the  literature  today  dealing  experimen¬ 
tally  and  theoretically  with  the  problems  of  jet  spreading,  see  Ref.  17  to  35  etc. 
All  studies  describe  the  jet  spreading  only  downstream  of  the  jet  exhaust  plane.  The  af- 


1 


J 

tecbody /nozzle  configuration  upstream  of  the  jet  exhaust  plane  has  not  been  taken  into 
account  or  che  interest  has  been  limited  to  the  internal  nozzle  geometry  only.  However, 
the  afterbody/nozzle  geometry  is  significant  for  determining  the  jet  spreading  behav¬ 
iour.  If  the  jet  effects  are  to  be  analyzed  with  regard  to  the  plume  effect  and  entrain¬ 
ment,  general  statements  will  be  necessary  about  the  jet  spreading  angle  and  the  en¬ 
trainment  velocity  as  a  function  of  the  jet  pressure  and  temperature  ratio,  the  free 
stream  Mach  number  and  the  afterbody  geometry. 

In  summary  it  can  be  said  that  the  flow  mechanism  of  the  interaction  of  the  jet  and 
the  afterbody  is  not  yet  clear.  The  studies  performed  until  now  concentrate  on  partial 
problems  either  in  respect  of  the  afterbody  drag  or  the  jet  spreading  behaviour. 

The  spreading  behaviour  of  rotatlonally  symmetric  engine  jets  and  the  aerodynamic 
behaviour  of  rotatlonally  symmetric  afterbodies  will  be  jointly  analyzed  in  this  paper. 
For  this  purpose,  systematic  wind  tunnel  model  tests  have  been  carried  out  on  engine 
jets  with  different  nozzle  pressure  and  temperature  ratios  with  due  allowance  for  the 
effect  on  the  afterbody  pressure  distribution  and  thus  on  the  pressure  drag  on  rotation- 
ally  symmetric  afterbodies  with  different  geometries.  Using  these  results, the  jet  sprea¬ 
ding  angle  and  the  entrainment  velocity  of  the  jet  as  a  function  of  the  jet  parameters, 
the  free  streiun  Mach  number  and  the  afterbody  geometry  are  determined.  This  function  has 
been  covered  by  interpolation  polynomials.  In  addition  to  this,  empirical  equations  have 
been  set  up  which  represent  the  afterbody  pressure  drag  as  a  function  of  the  afterbody 
geometry,  the  jet  parameters  and  the  free  stream  Mach  number.  Based  on  the  experimental 
results  of  the  jet  spreading  angle  and  the  entrainment  velocity,  and  with  the  aid  of  the 
finite-method,  a  procedure  has  been  developed  which,  for  the  first  time,  allows  the 
afterbody  pressure  distribution  and,  consequently,  the  afterbody  pressure  drag  to  be 
calculated  with  due  allowance  for  the  effects  of  the  engine  jet.  The  equations  set  up 
and  the  theoretical  results  have  been  checked  and  verified  by  the  model  tests.  The  final 
results  available  in  the  form  of  equations  can  be  used  by  the  design  engineer  as  a  first 
estimation  of  the  afterbody  pressure  drag  for  single  jet/afterbody  geometries. 


2.  EXPERIMENTAL  SET-UP  AMD  TECHMIQUE 
2.1  Wind  Tunnel 

The  tests  have  been  carried  out  in  the  jet  induction  wind  tunnel  (SIB)  of  the  DFVLR 
Institute  for  Design-Aerodynamics  in  Braunschweig,  Fig .  2 ,  Ref.  36  .  The  jet  induction 
tunnel  is  a  wind  tunnel  with  a  closed  test  section  and  an  open  circuit  (Eiffel  type  tun¬ 
nel).  A  J79  jet  engine  is  used  to  induce  the  air  flow  in  the  test  section.  The  test  sec¬ 
tion  has  a  circular  cross  section. 


Secondary  compressed  air 


Fig.  2;  Jet  induction  wind  tunnel,  test  set-up 

The  static  pressure  on  the  wall  was  measured  in  8  planes  along  the  test  section  -  4 
static  pressure  taps  per  plane  symmetrically  distributed  on  the  circumference.  The  pres¬ 
sure  and  temperature  profiles  of  the  model  jet  and  flow  were  determined  using  a  rake 
with  30  equidistant  test  points.  The  rake  was  remotely  controlled  by  a  probe  traversing 

gear. 

The  skin  temperature  distribution  was  measured  by  thermocouples  which  had  been  care¬ 
fully  embedded  in  the  model  surface. 


2.2  Models 

Fig .  3  shows  the  outer  contours  of  the  three  models;  the  geometrical  data  are  com- 
piled  In  the  table.  Configuration  1  represents  the  1i7.2  model  of  the  engine  nacelle 
of  the  HPB-320  test  aircraft  of  the  DFVLR.  The  model  is  rotatlonally  symmetric  and  pos¬ 
sesses  the  contour  of  the  upper  meridian  of  the  original  engine  nacelle. 


The  Investigations  of  the  hot  gas  jet 
have  been  exclusively  performed  with  mod¬ 
el  1  .  In  order  to  shield  the  surface  from 
the  thermal  radiation  of  the  model  jet, 
extensive  constructional  measures  have  been 
taken  to  achieve  proper  insulation.  Models 
2  and  3  were  manufactured  at  the  DFVLR, 

Porz  Wahn,  to  carry  out  investigations 
within  the  joint  AGARO  program  of  "Im¬ 
proved  Nozzle  Testing  Techniques  in  Tran¬ 
sonic  Flow",  Ref.  38  .  Important  geometri¬ 
cal  parameters  of  the  models  used  for  this 
test  are:  the  afterbody  angles  0  of  7*,  10* 
and  25*;  length  L  of  the  afterbody,  defined 
as  the  distance  between  the  maximum  cross 
section  and  the  jet  exhaust  plane;  and  the 
basic  diameter  in  the  jet  exhaust  plane, 
see  Fig.  3.  Models  1  and  2  have  a  circular 
arc  contour  while  model  3  is  cone-shaped 
with  the  exception  of  the  shoulder  region, 
which  has  likewise  a  circular  arc  contour. 
All  three  models  have  static  pressure 
orifices  distributed  on  the  surface  over 
the  entire  model  length  in  one  plane 
( z/D  >  0).  Thermocouples  used  for  re¬ 
cording  the  surface  temperature  distribu¬ 
tion  are  embedded  in  the  surface  of  model  1 
in  the  same  plane  as  the  static  pressure 
orifices. 


2.3  Data  Acquisition  and  Evaluation 

The  pressure  orifices  were  connected  to  a  data  acquisition  system  via  2  Scanivalves, 
the  thermocouples  were  connected  to  reference  junctions  and  a  scanner.  All  test  data 
were  recorded  fully  automatically  on  paper  tape  with  the  aid  of  the  digital  data  acqui¬ 
sition  system  scanning  the  test  data  at  a  rate  of  5  test  points  per  second.  The  evalua¬ 
tion  took  place  in  the  electronic  data  processing  center  of  the  DFVLR,  Braunschweig, 
using  a  SIEMENS  7. 755  data  processing  system. 

In  order  to  establish  appropriate  mathematical  models  for  the  theoretical  calcula¬ 
tion  of  the  jet  spreading  it  is  necessary  to  gather  information  on  the  structure  of  jet 
mixing.  This  requires  systematic  turbulence  measurements  of  the  jet  to  be  carried  out. 

To  Investigate  the  influence  of  the  plume  and  entrainment  effects  of  an  engine  jet  on 
the  surrounding  flow  field,  the  jet  spreading  angle  and  the  entrainment  velocity  of  the 
jet  as  a  function  of  the  jet  and  flow  parameters  as  well  as  the  afterbody  geometry  must 
be  known. 

Determining  jet  profiles  is  very  difficult.  Non-intrusive  optical  measurements  (e.g. 
Laser-Doppler-Anemometry)  are  very  time-consuming  and  are  therefore  not  developed  to  be 
employed  for  such  tests.  Measurements  of  the  jet  profiles  by  means  of  conventional  test 
probes  of  finite  size  (e.g.  static  tubes)  are  likely  to  exhibit  measuring  errors  which 
must  be  carefully  taken  into  consideration  in  the  evaluation.  Pitot  probes  with  long 
pressure  lines  and,  consequently,  low  response  times  are  most  suitable  for  measuring  the 
mean  values  in  the  turbulent  boundary  zones  of  the  jet.  Thermocouples  are  similarly  slow 
in  behaviour. 

The  calculation  of  local  velocities  in  the  transonic  range  is  a  lengthy  procedure 
and  can  be  made  by  multiple  iterations  only.  The  Pitot  probe  formula  after  Rayleigh  is 
used  to  determine  the  existence  of  either  subsonic  or  supersonic  speed  in  the  vicinity 
of  the  nozzle  exit  plane.  Ref.  23  .  Mach  number  is  obtained  from  the  pitot  pressure,  the 
static  pressure  and  the  local  isentropic  exponent X.  If  Mao,  is  smaller  than  1,  the 
velocity  is  computed  using  the  laws  of  compressible  subsonic  aerodynamics.  If  Maa,  is 
greater  than  1,  the  test  values  from  behind  the  shock  wave  are  used  to  determine  the 
undisturbed  supersonic  flow  in  front  of  the  normal  shock  wave.  Velocities  and  tempera¬ 
tures  have  been  computed  by  means  of  the  precise  Cp  and  X-values  which  have  been 
determined  for  each  temperature.  The  gas  constant  R  has  always  been  computed  as  a 
function  of  the  air-fuel  ratio. 
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Fig .  3 :  Model  geometry 


3.  TEST  PROGRAM  DESCRIPTION 

The  tests  carried  out  with  the  three  models  included  5  different  free  stream  Mach 
numbers  (Ma*  •  0,  0.4,  0.5,  0.6,  0.7),  6  different  nozzle  pressure  ratios  (Pt j/P«> ”  ’-O, 
1.2,  1.4,  1.6,  1.89,  2.4),  and  3  jet  temperature  ratios  (T^j/Ta,  »  1  .0,  1  .84,  2.86),  the 
latter  ones  carried  out  on  model  1  only.  The  boundary  layer,  surface  temperature  dis¬ 
tribution  and  afterbody  pressure  distribution  have  been  surveyed  in  these  tests.  Velo¬ 
city  and  temperature  profiles  in  the  jet  have  been  taken  in  13  planes  each.  Fig.  4,  is  a 
summary  of  the  tests  carried  out. 


4.  EXPERIMENTAL  RESULTS  AMD  ANALYSIS 
4.1  Jet  boundaries  and  entrainment 

The  velocity  profiles  indicate  that  the  boundary  layer  behaviour  of  the  afterbody 
flow  is  still  maintained  far  downstream  of  the  jet  exhaust  plane,  Fig ,  5.  The  distance 
up  to  the  point  where  complete  jet-flow  mixing  is  reached  depends  on  the  afterbody  geo¬ 
metry,  on  the  free  stream  Mach  number  and  on  the  jet  parameters.  It  is  between  4  and  10 
nozzle  diameters  in  the  case  of  the  investigated  parameter  range.  In  this  range,  the 
radial  distance  has  been  assumed  for  the  jet  boundary  Rg  where  the  velocity  profile  u 
»  f  (r)  is  a  minimum.  Further  downstream,  the  well-known  condition  Uj  »  I.Olu^was  used 
to  determine  Rg. 


Fig.  5;  Velocity  profile  of  the  jet  and  the 
surrounding  flow  downstreeun  of  the 
jet  exhaust  plane 


The  test  results  given  in  Fig.  6  are  representative  for  the  entire  range  of  the  in¬ 
vestigation  and  show  the  variation  of  the  jet  boundary  Rg  vs  x.  The  jet  boundary  is 
determined  as  the  mean  value  of  four  non-consecutive  measurements.  Fig.  6a.  The  results 
obtained  from  all  three  models  have  shown  that  Rg  increases  linearly  with  x  and  rises 
continuously  with  the  nozzle  pressure  ratio.  However,  the  gradient  of  increase  varies 
between  the  models.  Fig.  6b. 


The  relation 
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can  be  derived  for  jet  boundary.  Linearity  is  clearly  shown  in  both  the  low  and  the 
highest  nozzle  pressure  ratio  in  this  investigation.  The  intermittent  structure  of  the 
jet  boundary  is  determined  as  a  jet/boundary  envelope  because  of  the  steady  character  of 
the  measurements  and  the  fact  that  the  mean  value  Is  formed.  The  respective  jet 
spreading  angled  has  been  determined  in  the  relationship  4.1.1. 


spreading 


For  all  nozzle  pressure  ratios  Pfi/P«  the  jet  spreading  angles  decreases  with  the 
free  streeun  Mach  number.  Fig.  7a.  According  to  the  results,  the  trend  is  linear.  When 
plotted  versus  the  nozzle  pressure  ratio  Ptj/P*  ,  the  jet  spreading  angle  increases  at  a 
higher  order  than  linearly.  Fig.  7b.  This  trend  can  be  noticed  for  all  free  stream  Mach 
numbers.  Investigations  carried  out  by  E.S.  LOVE  et  al.  Ref.  34  ,  dealing  with  the 
spreading  of  jets  in  quiescent  air  and  in  the  supersonic  range  yield  the  same  results.  A 
direct  comparison  between  their  results  and  those  of  the  present  study  is  hardly  pos¬ 
sible  because  of  the  low  nozzle  pressure  ratios  of  the  present  investigation.  A  rise  of 
the  total  jet  temperature  T^j  which,  at  a  constant  nozzle  pressure  ratio,  results  in  a 
higher  jet  exhaust  velocity  u j ,  causes  a  larger  jet  spreading  angle.  Fig.  7c. 

Increased  boattailing,  larger  afterbody  angles  fl,  yield  greater  jet  spreading  angles 
a.  Fig.  7d .  These  findings  clearly  show  the  dependence  of  the  jet  spreading  behaviour  on 
the  afterbody  geometry  and  thus  point  out  the  need  for  a  joint  investigation  of  engine 
jet  and  afterbody  for  optimization  of  the  afterbody  configuration. 


The  jet  absorbs  mass  from  the  external  flow  field  so  that,  besides  the  plume  effect, 
an  entrainment  is  produced  relative  to  the  jet  environment.  To  obtain  clarity  about  the 
entrainment  effect  it  is  necessary  to  determine  the  entrainment  velocity.  For  this  pur¬ 
pose,  the  mass  flows  of  13  planes  (x/D  =«  0,  1,  2 - 12)  where  the  pressure  and  tempera¬ 

ture  profiles  of  the  jets  have  been  recorded  have  been  calculated  by  means  of  the  fol¬ 
lowing  equation:  _ 
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p(r)v  •  u(rj. 


dr 


(4.1.2) 


k  =  0  to  12 

As  in  the  determination  of 
flows. 
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is  the  mean  value  obtained  from  four  mass 


The  results  have  shown  that  the  mass  flow  in 
axial  direction  has  a  quadratic  pattern  with  a  weak 
term  of  2nd  order.  Fig.  8,  but  a  linear  approxima¬ 
tion  of 
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(4.1.3) 


which  is  satisfactory,  mjo  is  the  mass  flow  calcu¬ 
lated  from  the  data  obtained  in  the  nozzle  settling 
chamber. 

At  a  distance  of  12  nozzle  diameters  behind  the  jet 
exhaust  plane,  the  jet  heated  by  500*  C  has  twice 
the  mass  flow  of  the  jet  exhaust  plane,  the  jet 
heated  by  250’  C  has  a  1.65-fold  mass  flow,  the 
cold  jet  has  a  1.2-fold  mass  flow.  In  the  range 
of  0«x/D«12  the  gradient 


dx 


(4.1.4) 


increases  with  the  temperature  ratio  T^j/T^. 


Fig.  8:  Mass  flow  increase  of  the 
jet  at  Ma  =  0.5,  Ptj/lW” 
1.89  and  0  =  7*  (Model  1 ) , 


The  calculation  of  the  entrainment  velocity  w^»  vertical  to  the  jet  boundary  is  made 
according  to 


®Sk+ 


2it 


[/ 


«Sk 


•  r  •  dr  -  J  •  u(r)|^  •  r  •  dr 

0  0 
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with  AFi.  being  the  surface  of  a  circular  cone  segment  of  the  jet,  the  mass  flow  increase 
being  Am  «  itijQ  b'  Ax  and  taking  into  account  equation  (4.1.1),  tile  result  for  the  en¬ 
trainment  velocity  w^*  in  m/s  after  several  transformations  is 
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w*  _ 

r  2-»  •  {R  ♦  (R*x)tQnot) 


(4.1.6) 


The  mass  flow  nijo  in  the  jet  exhaust  plane  depends  on  the  nozzle  geometry  and  the  jet 
parameters  i.e.'^the  operating  conditions  of  the  jet  engine  of  the  aircraft. 


The  influence  of  the  jet  and  flow  parameters  as  well  as  of  the  afterbody  geometry  on 
the  sink  intensity  of  the  jet  is  shown  in  Fig •  ^.  The  intensity  of  the  jet  sink  decrea¬ 
ses  with  increasing  free  stream  Mach  number.  Higher  nozzle  pressure  ratios  and  jet  tem¬ 
peratures,  and  larger  afterbody  angles  increase  the  sink  intensity. 
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Fig.  9;  Non-dimensional  entrainment  velocity  of 
the  jet  Wj.*/Uj^  influence  of  the  free 
stream  Mach  nnmDer,  nozzle  pressure  ratio, 
jet  temperature  and  afterbody  angle 
at  x/D  »  1 ) . 


The  entrainment  effect  of  the  jet  and  its  spreading  angle  can  be  described  physical¬ 
ly  in  terms  of  the  molecular  viscosity  in  the  case  of  a  laminar  jet,  and,  in  the  case  of 
a  turbulent  jet,  in  addition  of  the  flow  turbulence.  An  air  particle  with  the  velocity 
uj  at  the  boundary  of  the  jet  entrains  its  adjacent  molecule  due  to  the  effective  vis¬ 
cosity.  In  this  context  effective  viscosity  means  that  the  viscosity  under  turbulent 
flow  conditions  consists  of  a  molecular  component  and  a  vortex  component.  The  vortex 
component  to  the  viscosity  does  not  exist  under  laminar  flow  conditions. 


At  the  quiescent  environment,  the  particle  of  the 
environment  is  accelerated  and  entrains  the  adjacent 
outer  particle  whilst  the  jet  particle  decelerates  to 
the  same  degree  as  it  transmits  energy.  If  the  environ¬ 
ment  Is  in  a  state  of  motion,  the  mixing  region  re¬ 
quired  for  the  acceleration  of  the  external  air  parti¬ 
cles  and  for  the  deceleration  of  the  jet  particles  is 
smaller. 

At  the  same  time,  the  energy  transmission  of  the 
particles  is  less  because  of  the  smaller  velocity  dif- 


ference  relative  to  the  surrounding  medium.  This  results  in  a  smaller  jet  boundary  and 
consequently  a  smaller  jet  spreading  angle  as  well  as  a  retarded  decomposition  of  the 
jet.  The  same  flow  mechanism  but  in  opposite  r-direction  occurs  for  Uj'*=Ua,  including  the 
wake  without  jet.  If  the  jet  is  heated,  the  velocity  jump  between  uj  and  is  larger 
than  that  of  a  cold  jet  with  the  other  conditions  remaining  the  same  (constant  Ptj/P»); 
the  mixing  region  is  correspondingly  wider. 

If  the  jet  boundary  is  laid  down  as  defined  in  the  previous  chapter,  it  is  physical¬ 
ly  correct  that  a  static  pressure  drop  in  the  mixing  region  is  caused  by  the  accelera¬ 
tion  of  the  external  air  particles.  This  static  depression  in  the  mixing  region  justi¬ 
fies  the  assumption  of  a  sink  distribution  on  the  jet  boundary  when  establishing  poten¬ 
tial  flow  models.  These  basic  physical  principles  -  apart  from  the  existing  turbulent 
flow  conditions  in  the  jet  -  enable  a  relatively  simple  explanation  to  be  made  of  the 
behaviour  of  the  jet  spreading  angle  as  well  as  that  of  the  entrainment  effect. 

The  behaviour  of  the  jet  spreading  angle  a  as  a  function  of  the  afterbody  angle 
can  also  be  explained  by  means  of  the  basic  physical  principles  which  have  been  deter¬ 
mined.  In  this  context  the  behaviour  of  the  boundary  layer  and  the  conditions  of  the  af¬ 
terbody  external  flow  in  general  have  a  considerable  influence.  The  pressure  rise  in  the 
afterbody  section,  which  must  be  overcome  by  the  boundary  layer  particles.  Increases 
with  increasing  afterbody  angle  fi  since  the  depression  at  the  model  shoulder  increases 
with  the  afterbody  angle  p  due  to  the  greater  camber.  This  will  finally  result  in  the 
separation  of  the  boundary  layer  when  the  afterbody  angle  P  has  become  so  great  that  the 
extremely  slow  boundary  layer  particles  cannot  proceed  into  the  area  of  the  accordingly 
steep  pressure  rise. 

The  energy  which  can  be  transmitted  by 
the  jet  particles  of  the  boundary  zone  which 
is  used  to  accelerate  the  extremely  slow  or 
even  backwards  drifting  particles  of  the  sur 
rounding  flow  is  high  and  the  mixing  area  be 
tween  the  jet  and  the  flow  becomes  wider. 

These  effects  cause  the  jet  spreading 
angle  a ,  Fig.  7d,  to  increase  with  an  in¬ 
creasing  afterbody  angle  Q,  and  the  sink 
to  become  more  intense.  Fig.  9d.  Due  to 
the  more  vigorous  jet  mixing,  the  loss  of 
kinetic  energy  of  the  jet  particles  is 
greater  in  the  case  of  a  greater  afterbody 
angle  0.  This  can  be  proved  by  the  greater 
deceleration  on  the  longitudinal  axis  velo¬ 
city  of  the  jet  with  increasing  afterbody 
angle  0,  Fig .  10. 

Here  it  becomes  obvious  that  the  axis- 
velocity  of  all  three  models  is  similar 
in  close  proximity  to  the  jet  exhaust  plane. 


4.2  Afterbody  Pressure  Drag 

The  pressure  drag  coefficient  of  rotationally  symmetric  afterbodies  is  calculated  by 
means  of  the  formula; 
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(4.2.1) 


and  provided  that  the  pressure  distribution  c_  is  rotationally  symmetric  -  this  is  the 
case  with  rotationally  symmetric  bodies  in  a  flow  of  zero  incidence,  c^p  is  the  mean 
value  from  13  pressure  drag  coefficients  which  have  been  determined  from  13  successive 
pressure  distribution  measurements  Cp  by  means  of  equation  (4.2.1). 

TO  determine  the  influence  of  jet  temperature  on  the  afterbody  pressure  drag.  It  is 
Important  that  the  temperature  of  the  model  surface  should  be  kept  constant  during 
hot-gas  jet  tests.  Previous  investigations.  Ref.  37  without  a  heat  Insulated  model 
surface  have  shown  that  with  increasing  jet  temperature  the  temperature  of  the  model 
surface  was  considerably  increased  through  heat  radiation.  Thus  the  boundary  layer  was 
additionally  heated  and  consequently  the  model  surface  condition  changed  with  the  jet 
temperature.  A  clear  definition  of  the  Influence  of  the  jet  temperature  on  the  pressure 
drag  can  hardly  be  achieved  under  such  conditions. 
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Fig.  11 !  Influence  of  the  afterbody 
angle  R  on  the  pressure 
distribution 


Fig,  11  gives  a  general  survey  of  the  in- 
fluence  of  the  afterbody  geometry,  in  particular  of 
the  afterbody  angle  0,  on  the  pressure  distribu¬ 
tion.  For  a  given  free  stream  Mach  number  and  fixed 
nozzle  pressure/jet  temperature  ratios,  the  figure 
shows  the  measured  distribution  values  for  each 
model  plotted  vs  x/L. 

In  close  proximity  to  the  shoulder  (x/L  «  0  4 
0.2)  a  larger  afterbody  angle  B  results  in  large 
pressure  drops  because  of  the  accelerated  flow  and 
the  greater  spreading.  T.ie  larger  the  afterbody 
angle  B  is,  the  greater  is  the  subsequent  pressure 
rise  caused  by  decelerated  flow  (diffusor  effect). 
With  B  =  25*,  the  flow  is  separated,  from  x/L*^0.3 
onwards  (dCp/d(x/L)  “  0). 

The  influence  of  the  free  stream  Mach  number 
Ma  on  the  afterbody  pressure  drag  is  shown  in 
Fig .  1 2a  for  model  1  with  Ptj/p«  “  1.89  and  for  the 
three  jet  temperature  ratios.  The  plume  effect  of 
the  jet  is  reduced  due  to  the  jet  spreading  angle 
decreasing  with  Ma,.  The  entrainment  effect  is 
always  active  in  increasing  pressure  drag  although 
the  sink  intensity  decreases  with  increasing  free 
stream  Mach  number.  In  addition,  the  reduced  static 
pressure  in  the  area  of  the  model  shoulder  (x/L  = 

0)  is  generally  decreased  further  with  Ma  which  in 
turn  produces  a  higher  pressure  drag.  It  can  thus 
be  seen  that  the  pressure  drag  increases  slightly 
with  the  free  stream  Mach  number.  This  trend  exists 
for  all  three  jet  temperature  ratios. 
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Fig.  12;  Pressure  drag  coefficient  Cjjp  of  model  1,  in¬ 
fluence  of  the  free  stream  Mach  number,  nozzle 
pressure  ratio,  jet  temperature  and  boattail  angle 


The  calculated  Cpp  values  are  plotted  in  Fig.  12b  for  the  cold  jet  and  four  free 
stream  Mach  numbers  Ma,  vs  the  nozzle  pressure  ratio  Ptj/Peo  fof  model  1  .  For  the  jet-off 
case  (Ptj/P«  ”  '*0)  there  is  no  jet  displacement  effect  and  therefore  the  pressure  drag 
coefficient  is  highest.  In  case  of  a  jet  emerging  from  the  nozzle,  Cnp  first  decreases 
with  the  Increase  of  the  nozzle  pressure  ratio  Ptj/Pa  t  reaching  a  minimum  value  at 


r 


Ptj/Poo  =  1.2,  and  then  slowly  increases  again.  This  c^p  rise  starting  at  Ptj/p*>l  .2 
becomes  flatter  with  increasing  free  stream  Mach  number  Ma^  and  at  =  0.7  it  remains 

almost  constant  in  the  range  of  1.2  2. 4 .  The  same  trends  have  also  been  found 

by  H.  EMUNDS  and  H.  RIEDEL  Ref.  37  ,  W.B.  COMPTON  III  Ref.  39  ,  40  ,  and  B.  MECHIN 
and  J.M.  HARDY  Ref.  41  in  their  investigations  of  the  c^p  behaviour  as  a  function  of 
Ptj/P®  as  well  as  of  Ma,^  .  When  looking  at  the  variation  of  the  c^p  values  and 
considering  the  behaviour  of  the  jet  spreading  angle  a  and  the  sink  intensity  w,*  for 
the  jet  as  a  function  of  the  parameters  Ptj/Pcn  »  '*'ti/‘1’a>  ^sd  Ma„  ,  as  determined  in 
previous  chapter,  the  variation  is  relatively  easy  to  explain  because  of  the 
simultaneous  influence  of  the  plume  and  entrainment  effects  of  the  jet. 


the 


If  a  jet  emerges  from  the  afterbody  nozzle,  the  external  flow  field  is  displaced  due 
to  the  jet  spreading  and  a  recompression  of  the  flow  is  caused  at  the  afterbody  end.  For 
this  reason,  the  course  of  the  Cp  distribution  towards  the  afterbody  end  becomes  steeper 
In  this  case,  the  integration  of^the  Cp-values  results  in  a  lower  afterbody  pressure 
drag  as  compared  with  the  conditions  without  jet. 

The  effect  of  the  nozzle  pressure  ratio  Ptj/P®  on  the  pressure  drag  at  constant  free 
stream  Mach  number  is  as  follows.  At  p^j/p^,  =  1.2  the  entrainment  effect  of  the  jet  is 
small  while  the  plume  effect  of  the  ]et  dominates,  which  means  that  low  afterbody  pres¬ 
sure  drags  are  obtained  because  of  the  recompression  of  the  afterbody  flow.  If  Pcj/p* 
is  increased,  the  jet  spreading  angle  and  consequently  the  plume  effect  are  enlarged.  If 
there  were  only  the  plume  effect  of  the  jet,  this  would  yield  even  lower  coefficients  of 
afterbody  presssure  drag.  However,  the  sink  force  of  the  jet  also  increases  with  the 
nozzle  pressure  ratio  Ptj/Pao  '  ^^ns  preventing  the  recompression  at  the  afterbody  end 
more  than  it  is  favoured  by  the  larger  jet  spreading  angle  a .  c^p  is  therefore 
increased  again  with  increasing  Ptj/Poo  (Ptj/Poo^  '  *2)  *  If*  the  range  of  1  . 5  p^  j/p^  c  2 . 4 
and  with  slim  afterbody  boattailing  the  plume  effect  counterbalances  the  entrainment 
effect  of  the  jet.  In  the  range  of  Ptj/p,,>2.4  the  plume  effect  of  the  jet  dominates 
more  and  more  and  results  in  a  continuous  decrease  of  the  afterbody  pressure  drag 
coefficient  according  to  the  p^j/p^,  increase.  Ref.  38  ,  42  . 

The  jet  spreading  angle  a  and  the  sink  intensity  increase  along  with  the  rising  tem¬ 
perature  as  described  in  chapter  4.1.  The  influence  of  the  entrainment  effect,  however, 
is  less  important  as  compared  with  that  of  the  plume  effect  because  of  the  enlarged  jet 
spreading  angle  a . 

A  jet  temperature  rise  of  250  'C  results  in  a  11.6%  reduction  of  the  afterbody  pres¬ 
sure  drag  coefficient.  This  is  brought  about  by  the  intense  recompression  which,  in 
turn,  is  due  to  the  dominating  plume  effect.  Fig,  12c  shows  the  afterbody  pressure  drag 
coefficients  Crjp  plotted  vs  the  jet  temperature  ratio  T^j/’I^of®'^  model  1  at  Haaj  =0.6 
and  Ptj/P«9®  1.89.  A  jet  temperature  rise  of  500  ’C  reduces  the  Cpp  as  compared  with 
the  cold  jet  and,  as  a  consequence,  reduces  the  afterbody  pressure  drag  by  14.5%. 

The  results  of  the  investigations  performed  by  W.B.  COMPTON  III  Ref.  40  indicate 
the  same  trend,  while  the  tests  on  a  heated  model  surface.  Ref.  37  ,  shows  a  pressure 
drag  coefficient  which  is  increased  by  17.4%  at  the  same  jet  temperature. 

The  influence  of  the  free  stream  Mach  number  and  of  the  nozzle  pressure  ratio  on  the 
pressure  drag  coefficient,  as  shown  in  the  previous  chapter  for  model  1,  have  also  been 
determined  for  model  2  whereas  differences  have  been  obvious  in  model  3. 

Fig,  12d  is  a  comparison  between  the  pressure  drag  coefficients  of  models  2  and  3 
plotted  vs  the  nozzle  pressure  ratio.  At  a  nozzle  pressure  ratio  ptj/p,„>.1.0  ,  model  3 
(13  =  25")  also  shows  a  Cpp  variation  which  is  similar  to  the  trend  for  model  2  (and 
model  1).  The  level  of  the  pressure  drag  coefficient  of  model  3  is  higher.  The  gradient 
of  increase  (Ptj/Pjo*=2)  or  decrease  (P^j/Poo^Z)  ,  that  is  dCpp/d(pt  j/Pa,)  ,  is  stee¬ 
per.  This  is  due  to  the  influence  of  the  jet  sink  whose  intensity  is  greater  for  this 
afterbody  angle  S,  see  Fig,  9d,  Contrary  to  models  7  and  2,  the  plume  effect  of  the  jet 
does  not  become  effective  until  Ptj/Pa)»2.0. 

5.  EMPIRICAL  EVALUATION  AND  COMPARISON 

5.1  Jet  spreading  angle  and  entrainment  velocity  of  the  jet 

The  important  parameters  which  have  a  decisive  influence  on  the  plume  and  entrainment 
effects  of  the  jet,  and  which  therefore  assume  the  function  of  boundary  conditions  when 
setting  up  a  theoretical  method  to  compute  the  aerodynamic  coefficients  of  afterbodies 
subjected  to  jet  influences,  are  summarized  in  this  chapter  from  the  experimental  re¬ 
sults  in  the  form  of  closed  polynomials.  For  the  purpose  of  this  study  the  following 
functions: 

jet  spreading  angle q : 


Ttj/TJ 


Ptj/P-'  6^ 


1,0 


i 


radient  of  mass  flow  increase  of  net  b 


=  Pti/P--  ® 


fO"a..  Ptj/P-- 


Fig.  13  IS  a  comparison  between  the  3et  spreading  angles  which  were  experimentally 
determined  and  those  of  the  interpolation  polynomials. 
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Fig .  13;  Jet  spreading  angle  a  as  a  function  of: 

a)  the  nozzle  pressure  ratio,  b)  the  jet  temperature  ratio,  c)  the  afterbody 
angle;  comparison  between  measurement  and  equations  (5.1.1)  and  (5.1.2) 


Fig.  13a  the  jet  spreading  angle  a  is  plotted  vs  the  nozzle  pressure  ratio  Pti/p® 
and  in  Fig,  13b  vs  the  jet  temperature  ratio  Tj-j/T^^  ,  laoth  for  various  Mach  numbers  na^; 
it  was  then  compared  with  the  calculated  results  of  interpolation  formulae  (5.1.1).  The 


result  shows  a  very  good  agreement. 


The  trivial  case  a  »  0  for  Ma„  =  0.0, 

Ptj/p®  =  1.0  and  T(.j/T,j,  =  1.0  was  not  talcen  into 
account  for  the  determination  of  the  interpola¬ 
tion  formulae  in  favour  of  a  high  accuracy  of 
approximation  in  the  remaining  parameter  varia¬ 
tions,  (see  chain  line  in  Fig.  13a) 

Fig.  13c  shows  the  experimental  results  and 


the  curves  from  equation  (5.1.2)  for  the  jet 
spreading  ai^gle  a  plotted  vs  the  afterbody  angle 


0  with  Ma^  as  a  parameter. 


When  the  equations  (5.1.1)  thru  (5.1.4)  ace  sub¬ 
stituted  into  equation  (4.1.6)  and  when  the 
quantities  mj^  and  D  as  well  as  the  density  of 
the  free  stream  are  talcen  into  account,  then 
equation  (4.1.6)  yields  a  general  relation  which 
indicates  the  intensity  of  the  jet  entrainment 
velocity  with  downstream  distance  as  a  function 
of  the  parameters  M^,  Ptj/P®r  T^j/T,„  and  B. 

Fig.  14  gives  a  representative  comparison  bet¬ 
ween  the  curves  calculated  from  equation  (4.1.6) 
and  the  experimental  results.  The  good  agreement 
between  calculated  and  measured  values  is  a  re¬ 
sult  between  the  high  accuracy  required  for  the 
determination  of  the  empirical  equations  (5.1.1) 
to  (5.1.4). 


Model  1 
Mo®  -  0  6 
T|j/T®-194 


Fig.  14; 


Non  dimensional  entrainment 
velocity  of  the  jet  w^*  /Uj^  i 
comparison  between 
measurement  and  equation 
4.1.6  (UjAl^t  */D  -  1) 


5.2  Afterbody  Pressure  Drag 

The  most  important  geometrical  parameters  of  a  rotatlonally  symmetric  afterbody  are: 
angle  B,  maximum  diameter  Dq,  basic  diameter  and  length  L.  The  definition  of  the 
boattail  geometric  parameters  -  L/Dq  (fineness  ratio)  and  X2  -  D^j/Dq  (closure  ratio) 
enables  a  general  graphic  representation  of  the  afterbody  geometry  to  be  made.  Prom  the 
many  results  of  this  examination,  the  relationship  between  the  pressure  drag  coefficient 
and  the  afterbody  geometry  can  be  derived  talcing  the  jet  parameters  and  the  free  stream 
Mach  number  into  consideration. 
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In  Fig.  15  the  pressure  drag  coefficients  Cjjp  are  plotted  vs  X2  and  0  for 
Ma^-  0.6,  Ptj/Pa,  »  1.89  and  T^j/T*  »  1.0. 

The  following  relationship  can  be  derived  by  means  of  the  c^p  values  of  models  2 
and  3  and  those  of  Ref.  38  {  X2  “  0.415  »  constant  for  all  three  models)  and  consi¬ 
dering  the  natural  boundary  value  Cqp  ■  0  at  X2  •  1  0  •  0,  cylindrical  afterbody 

in  axial  flow) 

1  -  X2 

*1)?  “  S  (5.2.1) 


Constant  C3  has  been  approximated  as  a  function  of  the  flow  and  jet  parameters. 
C3  -  f(Ma..  Ptj/P.. 

in  the  form  of 


C 


3 


(5.2.1a) 


where 


j-2 

i-2 

i-j-0 


j 

0 

1 

2 

0 

0.0723585 

-0.2341466 

0.33113 

1 

0.0294628 

0.0205799 

-0.099855 

2 

-0.022101 

0,0595517 

-0.0371399 

Fig.  15;  Pressure  drag  coefficient  Cpp  as  a  function  of  the  geometrical  parameters  X. , 
X2and  the  afterbody  angle  0 


From  equation  (5.2.1)  and  with  respect  to  the  relation  tan  0  «  (Dg  -  Db)/2L  it 
follows  that  the  coefficient  of  pressure  drag  is  proportional  to  the  afterbody  angle  0, 
Cnp«w0.  This  is  illustrated  in  Fig.  15  and  confirmed  by  the  test  results  of  Ref.  38  , 
43  and  44  . 


Equation  (5.2.1)  is  not  applicable  to  the  case  where  Ptj/Poe  “  ^*0'  jet-off  case. 

To  be  able  to  consider  this  case  too,  it  is  necessary  to  carry  out  systematic  investiga¬ 
tions  of  the  afterbody  base  pressure  distribution. 

Summarizing  the  results  it  will  be  noted  that  the  pressure  drag  of  a  rotationally 
symmetric  afterbody  of  circular-arc  shape  provided  with  propulsion  is  proportional  to 
the  afterbody  angle  0  and  that  X2  is  inversely  proportional  to  X^.  The  results  show  that 
for  minimum  afterbody  pressure  drag  coefficient  the  closure  ratio  should  be  X2  1.0 
(cylindrical  afterbody).  If  the  afterbody  is  to  be  optimized  as  regards  the  total  drag, 
the  friction  drag  Hqp  must  be  ta)cen  into  account.  For  a  short  afterbody,  small  X^ , 

Mqp  Is  also  small  (W^p  ~  0  forX^  >0),  it,  however,  assumes  larger  values  in  the 
case  of  slim  and  long  afterbodies.  If,  in  addition  to  equation  (5.2.1),  an  empirical 
equation  could  be  derived  for  the  friction  drag  coefficient  Cqp  in  the  form  of 


^1$ 


T 


CqP  “  ^  (  Xj*  X2)»  then  provided  one  of  the  two  geometric  parameters  Xi  ,  or  X2  is 
given  the  remaining  geometric  narameter  can  be  determined  in  such  a  way  that 

®DP  ®DF  *  Minimum 

In  other  words >  the  total  afterbody  drag  coefficient  is  a  minimum. 

In  this  way,  the  optimum  afterbody  configuration  with  installed  engine  is  defined 
for  the  respective  operational  spectrum. 


6.  THEORETICAL  EVALUATION  AND  COMPARISON 


The  afterbody  pressure  distribution  was  calculated  by  means  of  the  finite-element 
method  and  a  potential-theoretical  model  set-up  to  simulate  the  jet  effects.  The  results 
concerning  the  afterbody  pressure  drag  have  been  compared  with  the  test  results.  The 
potent ial-theoretical  model  entails  that  the  plume  effect  of  the  jet  is  simulated  by  a 
solid  truncated  cone  whose  aperture  angle  is  the  same  as  the  jet  spreading  angle  a ,  as 
determined  from  equations  (4.2.1)  and  (4.2.2),  whereas  the  entrainment  effect  is 
simulated  by  the  entrainment  velocity  w^.*,  as  determined  from  equation  (4.1.6). 

In  the  last  measuring  plane  (x/D  =  12),  u,j  equals  u„  of  the  respective  translation 
velocity. 

Fig.  16  shows  the  positive  x-r  plane  and  the  arrangement  of  the  area  in  finite  ele¬ 
ments. 


Fig.  16;  Potential  flow  model,  finite-element  arrangement,  sin)c  distribution  for 
rotationally  symmetric  jets 


Because  of  the  rotationally  symmetric  condition,  calculations  are  made  for  one 
radial  plane  only. 

Triangular  elements  with  constant  velocity  distribution  have  been  selected.  The 
potential  ^(x,r)  the  elements  is  linearly  approximated  in  x  and  r. 

(e) 

♦(x.r)  ■  »i  ♦  «2  X  *  >3  r  (6.1) 

|«]  The  calculation  by  means  of  the  finite-element  method  to  determine  the  potential 
^(x,r)  the  elements  of  the  model  surface  has  been  described  indetail  in 
Ref.  45  to  53  j  the  description  will  therefore  not  be  repeated  here. 


With  the  potential  values  in  the  nodes  yield  the  velocity  components  in  the  element 
for 

(ej  (e) 

u  -  u  -  ^  (6.2) 

*  3x  ^  3r 

To  obtain  considerably  Improved  results,  the  tangential  velocity  u^  on  the  afterbody 
contour  has  been  determined  according  to  Ref.  46  by  the  integration  of  the  tangential 
velocity  along  the  sides  of  three  adjoining  elements, see  Fig.  17c. 

From  the  tangential  velocity  u^  on  the  model  surface,  the  pressure  distribution  Cp 
is  calculated: 


c 


i 


(6.2) 
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- 
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02 

* 
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Fig. 


c.t  boundary  conditions,  estimation  Relationship  between  element  values 

Uj  of  t  and  global  node  values 

17;  Partition  into  finite  elements;  boundary  conditions 


The  boundary  layer  thickness  has  been  determined  from  boundary  layer  measurements. 
From  this,  the  displacement  thickness  6^  is  determined  for  incompressible  flow  from 

6 

0 

and  for  compressible  flow  from 

i. 

0 

using  (1  +  Ar/r)  1.  The  pressure  distribution  c-  is  recalculated  taking  into  account  the 
displacement  thickness  in  the  form  of  the  changed  body  contour,  see  Fig.  16b. 

0.2-, 


(6.3) 


(6.4) 


v.p 

0.1 


-01 


-0  2 
Model 


1  1 

MFE  Theory 

6i  ^  0 

Ekj.  (6.4) 

i 

,, 

o 

ci  aiaio 

1 

B 

0 

/ 

T  0 

5  0 

y 

■x/L  ' 

—  —  1 

Ptj'P. 

Ttj/T, 


189 
»  -1.94 


Fig.  18;  Theoretical  results  of  the  pressure  distribution  model  1  a)  comparison  with  the 
test  results  b)  influence  of  the  free  stream  Mach  number 

In  Fig.  18a,  the  measured  values  are  compared  with  the  calculated  ones  with  and 
without  considering  the  boundary  layer  displacement  thickness  6^.  The  results  will  be 
considerably  Improved  when  Si  is  taken  into  account.  In  this  conjunction,  the  following 
must  be  explained;  the  substitute  contour  of  the  model  was  assumed  to  have  a  circular- 


_ i 
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arc  shape  lik;  the  original  model,  with  an  exact  boundary  layer  displacement  thickness 
onlv  »*■  the  torward  (x/L  «  0)  and  aft  end  (x/L  «  1 )  of  the  model.  If  boundary  layer 
measurements  of  higher  accuracy  were  available,  it  would  be  oossible  to 
determine  the  exact  substitute  contour  by  several  boundary  layer  measurements  along  the 
model  surface  and  those  would  provide  an  even  better  agreement  between  the  theoretical 
and  measured  pressure  distributions.  It  is,  however,  the  main  objective  of  the  theore¬ 
tical  computations  to  demonstrate  the  feasibility  of  the  jet  simulation  model  using  the 
finite-element  method.  When  comparing  the  theoretical  results  of  the  pressure  distribu-' 
tion  at  various  free  stream  Mach  numbers,  as  shown  in  Fig.  16b,  with  the  experimental 
results  of  Fig.  14a,  the  trend  indicates  a  definite  agreement  between  theory  and 
measurement. 

Fig.  19  shows  the  theoretically  and  experimentally  determined  coefficient  of  pres¬ 
sure  drag  cpp  for  p^j/p„  •  1.89  and  T^j/T*”  1.94  is  plotted  representatively  for  all 
nozzle  pressure  and  temperature  ratios  vs  the  Mach  number  Ha^  .  Without  considering  the 
displacement  thickness  6i,  the  theoretical  method  yields  negative  Cnp  values.  The  mean 
deviation  of  the  values  from  those  determined  by  experiments  is  -133.6  %.  Taking  Cfxk  of 
equation  (6.3)  into  account  the  mean  deviation  of  the  theoretical  value  from  the  experi¬ 
mental  Cpp  value  is  +11.9  %  when  plotted  vs  the  Mach  number  (Fig .  19a) ,  +7.4  %  when 
plotted  vs  the  jet  temperature  ratio  T^j/T*  (Fig.  19b)  and  7.5  %  when  plotted  vs  the 
nozzle  pressure  ratio  Ptj/Poo  (Fig.  19c).  The  result  is  a  mean  deviation  of  Acqp  = 

8.9  %  when  plotted  vs  the  parameters  Mc^ ,  Ptj/Pfcn  and  T^j/Teo- 


Model  I 

6)  a  0 - 

MFE  Ibeory.ejFojg; 

Measurement  o 


Fig.  19;  Coefficient  of  pressure  drag  Cpp  vs  a)  the  free  stream  Mach  number,  b)  the 

nozzle  pressure  ratio,  c)  the  jet  temperature  ratio;  comparison  between  theory 
and  measurements,  d)  mean  deviation  in  percent  Acpp  between  the  experimental¬ 
ly  and  theoretically  determined  coefficient  of  drag 


Apart  from  the  amount  of  deviation,  the  trends  and  variations  of  the  pressure  drag 
coefficients  when  plotted  vs.  the  three  parameters  agree  very  well  thus  proving  that  the 
potential  flow  model  as  described  in  this  chapter  agrees  quite  well  with  the  physical 
phenomena. 

If  Of  is  evaluated  for  compressible  flow,  equation  (6.4)  yields  a  6.5  %  thicker 
displacement  thickness: 

*1  k  *  ®1  ik 


+  6.5  «. 


7.  CONCLUSIONS 


It  was  the  purpose  of  this  study  to  find  out  the  influence  of  entrainment  and  plume 
effects  of  the  jet  on  the  afterbody  pressure  distribution  and  pressure  drag  by  extensive 
experimental  testing.  Based  on  the  experimental  results,  the  relationship  between  the 
coefficient  of  pressure  drag  and,  in  a  wider  sense,  between  the  pressure  drag  of  rota- 
tionally  symmetric  circular-arc  afterbodies  and  their  geometrical  parameters  in  the 
examined  Mach  number,  jet  pressure  and  jet  temperature  ranges  has  been  determined.  The 
jet  spreading  angle  and  the  jet  entrainment  velocity  vertical  to  the  jet  boundary  as  a 
function  of  the  parameters  in  the  investigated  range  have  been  covered  in  the  form  of 
empirical  formulae.  In  general,  a  potential  flow  model  was  set  up  which  constitutes  a 
procedure  to  describe,  by  means  of  the  finite-element  method,  the  flow  behaviour  around 
the  afterbody  taking  into  account  the  jet  effect  and  thus  enables  the  prediction  of  the 
afterbody  pressure  drag  to  be  made. 

The  following  results  have  been  obtained  from  the  investigations: 

The  jet  spreading  angle  a  increases  with  increasing  nozzle  pressure  ratio  Ptj/Pos  > 
temperature  ratio  T^j/T^o  of  the  jet  and  with  afterbody  angle  B.  It  is,  however,  reduced 
with  increasing  free  stream  Mach  number  M^.  This  behaviour  is  described  by  equations 
(4.2.1)  and  (4.2.2). 

The  entrainment  velocity  w^*  vertically  to  the  jet  boundary  increases  with  the 
nozzle  pressure  ratio  p^j/p®  and  the  afterbody  angle  B.  Furthermore,  it  depends  on  the 
jet  temperature,  i.e.  the  velocity  Increases  as  the  jet  temperature  rises.  However,  it 
decreases  more  rapidly  in  axial  direction  when  the  jet  is  heated  than  with  a  cold  jet. 

The  entrainment  velocity  of  the  jet  drops  with  increasing  free  stream  Mach  number. 

Talcing  into  account  the  equations  (4.2.1)  and  (4.2.4),  these  relationships  are  given  in 
equation  (4.1.6). 

When  the  plume  effect  of  the  jet  is  simulated  in  the  form  of  a  solid  truncated  cone 
with  the  semi  apex  angle  being  equal  to  the  jet  spreading  angle  a  and  with  the  entrain¬ 
ment  effect  being  assumed  to  be  given  by  the  entrainment  velocity  w^*  vertically  to  the 
jet  boundary,  the  equations  (4.1.6),  (4.2.1)  and  (4.2.2)  yield  the  boundary  conditions 
which  the  design  engineer  can  use  to  ma)ce  an  allowance  for  the  jet  effect. 

At  lower  free  stream  Mach  numbers  and  smaller  nozzle  pressure  ratios  the  flow  around 
the  afterbody  is  affected  mainly  by  the  entrainment  effect  of  the  jet.  A  balance  is 
reached  between  the  entrainment  and  plume  effects  of  the  jet  when  the  nozzle  pressure 
ratio  increases.  From  p^j/p^  >  2.4  upwards,  the  plume  effect  predominates.  Ref.  42  . 

The  entrainment  effect  decreases  as  the  free  stream  Mach  number  increases,  the  jet 
affecting  the  environment  by  its  plume  effect.  If  the  jet  temperature  rises,  the 
influence  of  the  plume  effect  becomes  greater  although  the  sin)c  intensity  is  higher. 

The  pressure  drag  coefficient  Cjjp  of  rotationally  symmetric  afterbodies  is  propor¬ 
tional  to  the  afterbody  angle  B  and  closure  ratio  X2  =  D^/Dq  and  is  inversely  proportional 
to  fineness  ratio  X,  =  L/Dg,  In  the  case  of  a  thermal-insulated  model  surface,  the 
engine  jet  heated  by  5(io*  C  yields  a  15  %  lower  pressure  drag  coefficient  as  compared 
with  the  value  obtained  with  an  unheated  jet.  Previous  investigations  without  thermal 
insulation  of  the  model  surface.  Ref.  37  have  yielded  pressure  drag  coefficients  which 
were  greater  by  approximately  the  same  percentage.  The  design  engineer  can  now  derive 
the  afterbody  pressure  drag  to  be  expected  using  equation  (5.2.1).  When  establishing  a 
relationship  with  the  frictional  drag  coefficient  cpp  in  t)ie  same  manner  as  for  the 
pressure  drag  coefficient  Cpp  in  equation  (5.2.1),  it  is  possible  to  determine  an 
optimum  single-engine  afterbody  in  respect  of  the  total  drag  provided  that  cpp  +  c^p 
>  minimum. 

The  physical  proposition  of  the  model  theory  set  up  in  this  study  of  the  simulation 
of  the  jet  effects  has  been  confirmed  by  the  theoretical  calculations.  The  discrepancies 
can  still  be  reduced  when  the  laws  of  compressible  aerodynamics  are  applied,  on  the  one 
hand,  and  measuring  techniques  are  used,  on  the  other  hand,  which  permit  a  complete 
coverage  of  the  flow  events  in  such  complex  fields,  thus  yielding  better  boundary  con¬ 
ditions  in  terms  of  quality. 

The  finite-element  method  has  proved  to  be  a  rather  flexible  and  not  very  time-con¬ 
suming  procedure  for  the  evaluation  of  flow  problems. 
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SUMMARY 

This  survey  paper  provides  information  on  the  behaviour  and  on  the  modelling  of 
turbulent  jet  flow.  The  essential  ideas  are  discussed  in  connection  with  industrial  and 
aeronautical  applications.  After  an  introduction  of  the  quasi-equilibrium  state  related 
to  the  length  and  time  scales,  we  analyze  the  coherent  structures  and  spreading  processes. 
Specific  topics  are  considered  such  as  the  intermittency  in  the  axial  region,  the 
characteristics  of  the  production  centers  of  the  turbulent  kinetic  energy,  the  round  and 
plane  jet,  the  acoustic  properties  with  their  interactions  with  the  turbulent  structure, 
the  initial  conditions,  and  the  phenomena  in  the  stagnation  region  of  an  impinging  jet. 

A  general  review  of  modelling  methods  precedes  examination  of  computations  carried  out 
in  physical  space  and  of  the  large  eddy  simulation  approach. 


1 .  INTRODUCTION 

The  scientific  and  technical  literature  on  jets  is  so  abundant  that  it  is  pratically 
impossible  to  present  an  exhaustive  overview.  There  have  been  approximately  30  articles 
published  in  the  Journal  of  Fluid  Mechanics  on  turbulent  jets  during  the  last  two  years. 
Within  the  context  of  this  meeting  it  will  be  important  to  discuss  the  essential  ideas, 
to  specify  the  points  that  merit  further  development  and  if  possible  to  relate  this  to 
industrial  applications. 

The  practical  applications  of  jets  are  numerous  ;  only  the  most  evident  will  be 
cited.  The  hot  jet  with  a  high  turbine  nozzle  velocity  can  be  considered  from  an 
aerodynamic  point  of  view  but  should  be  especially  considered  from  an  acoustic  point  of 
view.  Systems  with  complex  geometries  are  often  employed.  For  example,  turbines  in  civil 
aviation  with  double  "flux"  are  used  because  of  their  relative  quietness  for  a  given 
thrust.  Jet-engines  for  vertical  take  off  and  for  short  take  off  require  study  of  the 
jet-wall  interaction.  The  induced  speed  by  the  jet  in  the  region  near  aircraft  wings 
also  needs  to  be  considered.  The  problems  concerning  cooling  of  turbine  blades  downstream 
of  the  combustion  chamber  need  to  be  investigated  for  various  configurations.  The  injec¬ 
tion  of  the  cooling  air  transverse  to  the  wall  requires  the  examination  of  a  jet  transverse 
to  a  flow.  These  turbine  applications  include  the  problems  of  multi-jets.  The  largest  part 
of  industrial  combustion  operations  have  to  do  with  diffusion  phenomena.  The  classic  burner 
is  essentially  a  jet  which  must  provide  good  mixing  between  combustants  and  air.  The  dis¬ 
tribution  of  the  stochiometric  surface  approximately  determines  the  position  of  the  flame. 
Often  the  burner  operates  in  the  interior  of  a  small  volume  which  complicates  the  initial 
problems  with  recirculation  zones. 

On  could  multiply  the  examples  ;  perhaps  it  is  most  important  to  consider  the  various 
complex  geometries  confronting  the  engineer,  which,  without  doubt,  have  not  been  extensively 
studied . 


2 .  CLASSICAL  BEHAVIOUR  OF  FREE  FLOWS 
2.1.  The_guasi;eguilibrium_state 

Let  us  consider  a  free  jet  impinging  normally  on  a  flat  plate,  the  overall  behaviour 
of  this  flow  is  Illustrated  in  the  definition  sketch  (fig.  1).  In  this  rather  complex 
case  we  can  identify  three  regions  : 

.  The  first  zone  corresponds  to  a  mixing  layer  (ref.  1-7  and  fig.  2) . 

.  The  second  one  is  related  to  a  classical  free  jet  (ref.  8-17  and  fig.  3) . 

.  The  third  one  exhibits  all  the  characteristics  of  a  wall  jet  (ref.  18-  24  and  fig.  4). 

Restricted  areas  are  incorporated  between  two  successive  zones.  In  the  mixing  region 
a  potential  core  can  be  identified.  In  this  core  the  mean  velocity  is  not  altered  by  the 
turbulent  diffusion  process,  and  it  does  not  extend  further  than  Xi/d^  =  5  downstream  from 
the  nozzle  exit.  As  far  as  only  the  mean  velocity  profiles  are  concerned,  the  jet  region 
can  be  detected  further  than  Xi/d^  =  10.  If  the  jet  is  2  6  in  width  at  the  last  section 
where  aerodyncunlc  properties  are  not  disturbed  by  the  flat  plate,  a  quasi  equilibrium 
state  for  the  wall  jet  can  be  found  further  than  “  =  4,  with  the  origin  of  the  axis 
taken  at  the  impinging  point  (25) .  If  all  the  properties  of  the  flow,  such  as  the  turbulent 
characteristics,  are  considered  in  order  to  define  a  quasi  equilibrium  state,  the  previous 
values  should  be  multiplied  by  a  factor  of  about  two  (26) . 
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Disregarding  mathematical  simplifications  which  can  be  introduced  where  equilibrium 
states  are  concerned,  these  states  can  be  considered  as  the  asymptotic  behaviour  of  flows 
(laminar  or  turbulent)  which  develop  in  a  defined  environment  ;  they  have  clearly  been 
identified  in  the  previous  sketches.  With  the  developments  of  modelling  methods  in  the 
last  decade,  transitional  zones  can  be  treated  except  for  very  specific  properties  such 
as  the  entrainment  rate. 


At  first  we  can  recall  what  are  the  characteristic  properties  of  these  equilibrium 
flows.  For  detailed  information  many  authors  are  referenced  here  (mixing  layers  (27,  28, 
29),  free  jets  (8,  9,  30,  31,  32),  wall  jets  (18,  21,  33)  but  an  extensive  overview  of 
these  problems  has  been  given  by  Townsend  (34). 

For  the  case  under  consideration  the  turbulent  flow  develops  along  the  two  axes  but 
we  can  imagine  more  complex  configurations  such  as  two  or  three  dimensional  turbulent 
jets  in  cross  flows  and  the  jet  centerline  (which  may  be  defined  as  the  locus  of  the 
momentum  centers  of  cross  sections)  defines  a  curved  axis  of  coordinates  "s".  With 
confined  jets  recirculation  phenomena  take  place  and  the  momentum  equations  must  be 
considered  in  a  general  form 

!2i ,  . .  i 

3t  ^j  3Xj  p  3Xj^  3Xj2 


3U. 


The  pressure  term  is  connected  with  the  whole  velocity  field  : 
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In  this  general  form  the  problem  is  very  complicated  even  though  computing  methods 
are  available  to  treat  the  Navler-Stokes  equations  through  adequate  numerical  schemes. 

The  turbulent  scales  being  much  larger  than  the  characteristic  scales  of  the  molecular 
interactions  responsible  for  the  viscosity,  the  Navier-Stokes  equations  may  be  used  for 
any  turbulent  structures  to  be  considered.  The  instantaneous  properties  of  the  flow  U. 
and  P  can  be  split  into  two  :  their  mean  and  fluctuating  parts 

Ui  =  +  Ui 

P  =  P  +  p 

which  emphasizes  the  role  played  by  both  mean  and  turbulent  motions.  Turbulence  properties 
can  only  be  accounted  for  in  complex  configurations  in  an  unsophisticated  way.  For  the 
three  flow  patterns  (mixing  zone,  jet,  and  wall  jet)  boundary  layer  assumptions  may  be 
Introduced  (appendix  1)  so  that  the  momentum  equation  becomes  : 
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It  is  supplemented  by  the  continuity  equation  which  can  be  written  for  the  mean  flow  as  : 
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With  this  approximation,  the  pressure  is  a  defined  quantity  ;  at  a  given  station  it 
is  the  same  inside  as  outside  the  turbulent  zone.  Accordingly  the  relation,  which  exists, 
between  both  the  pressure  field  and  the  velocity  distribution  through  Poisson's  equation 
is  not  required  to  treat  the  problem.  As  for  the  stress,  the  shear  stresses  prevail  over 
the  normal  stresses  so  that  we  can  take  : 
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Boundary  layer  assumptions  having  been  Introduced,  a  quasi-equilibrium  state  now  may 
be  characterized  in  a  simple  way.  By  proper  scaling  any  properties  of  the  fluid  should 
satisfactorily  be  represented  irrespective  of  the  station  considered.  Thus  time  and  length 
scales  or  length  and  velocity  scales  must  be  introduced.  Where  mean  velocity  and  shear 
stress  are  concerned  this  leads  to 


U«[Xi 1 


and 
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If  such  a  representation  is  successful!  a  complete  description  of  the  aerodynamic 
field  also  requires  additional  information  about  the  longitudinal  evolution  of  the  two 
scales  U”(Xi)  and  XiMXi).  Moreover  by  using  the  same  parameters  one  should  also  be  able 
to  satisfactorily  correlate  turbulent  results  for  a  given  flow  pattern  irrespective  of 
the  station  considered.  However  several  authors  have  criticized  so  large  an  extension  of 
the  concept  of  the  quasi-equilibrium  state  even  for  the  case  of  a  free  jet  (1).  For  these 
researchers,  the  enlarged  form  of  this  concept  is  principally  accepted  because  of  its 
mathematical  consequences  :  the  flexibility  of  treating  the  problem  through  ordinary 
differential  equations. 

In  fact,  this  concept  would  be  completely  valid  if  the  behaviour  of  the  phenomena 
was  controlled  by  two  mechanisms  whose  scales  are  sufficiently  different  from  one  another. 
If  such  a  separation  exists  the  micro-mechanism  can  be  considered  as  instantaneously 
adjustable  to  the  macro-mechanism,  and  thus,  at  any  time,  the  micro-mechanism  is  in  an 
equilibrium  state.  If  we  conjecture  that  the  turbulence  field  is  composed  of  two  classes 
of  structures  exhibiting  two  different  characteristic  times,  the  first  one  related  to 
the  range  of  structures  which  contribute  to  the  turbulent  kinetic  energy  and  the  second 
one  related  to  the  spreading  of  the  jet,  the  former's  characteristic  times  should 
rigourously  be  in  an  equilibrium  state.  This  situation  is  not  supported  by  experimental 
investigations,  however.  Turbulence  spectra  are  continuous  (t) ,  so  that  the  structures 
which  significantly  contribute  to  the  components  of  the  Reynolds  stress  tensor  are  not 
drastically  different  from  those  which  control  the  spreading  of  the  jet  although  a 
typical  role  can  preferentially  be  assigned  to  each  range  of  the  spectrum.  We  can  con¬ 
jecture  that  the  largest  eddies  are  specially  responsible  for  the  spreading  of  the  jet. 

If  so,  the  largest  structures  should  be  suspected  no  to  be  in  an  equilibrium  state  (t+). 
From  this  point  of  view  the  evolution  of  the  intermittency  factor  should  be  very 
significant  (ttt) .  The  intermittency  factor  may  be  considered  as  a  convenient  parameter 
to  specify  the  evolution  of  these  largest  structures,  using  the  same  scaling  U"  and  X". 

It  is  shown  in  figure  5,  that  the  intermittency  profile  is  dependent  on  the  section 
considered  j  as  we  go  downstreeim  the  indentations  of  the  moving  frontiers  grow  more 
rapidly  than  the  characteristic  width  of  the  jet  X^  so  that  the  flow  tends  to  evolue 
into  turbulent  puffs  separated  from  each  other  (24,  36).  These  large  structures  contri¬ 
bute  only  for  a  small  amount  to  the  components  of  the  Reynolds  stress  tensor  ;  on  the 
contrary  the  contribution  of  the  mean  structures  to  the  Reynolds  stresses  is  determinant 
so  that  an  equilibrium  state  may  be  supposed.  However,  from  very  accurate  comparisons 
of  the  dimensionless  profile,  a  slight  evolution  can  even  be  detected  (19  and  fig.  6). 

From  a  fundamental  point  of  view  the  equilibrium  state  assumption  cannot  be  supported 
for  patterns  of  flows  exhibiting  two  regions.  In  a  restricted  area  the  turbulent  eddies 
are  directly  subjected  to  the  action  of  viscosity,  whereas  in  most  extended  zones  this 
action  is  restricted  to  the  smallest  structures  responsible  for  the  dissipation  (18). 

The  turbulent  behaviour  of  a  free  jet  has  been  considered  for  a  long  while  as  a 
rather  simple  case.  As  a  general  rule,  symmetrical  flows  have  not  seemed  very  complex. 

This  opinion  was  partially  supported  by  primitive  assumptions  based  on  an  assumed  local 
relation  between  the  velocity  fluctuation  correlation  and  the  mean  velocity  gradient  at 
a  given  point  through  an  eddy  viscosity  coefficient  u^. 

u,  Uj  (X,t)  =  v^(}J,t)  |^(X,t) 


In  fact,  turbulence  structures  are  unable  to  adapt  themselves  to  local  gradients 
at  any  point,  although  for  a  weak  evolution  of  the  mean  flow  this  phenomenon  can  be 
ignored  in  a  rough  estimate.  Anyway,  a  coherent  theory  has  to  introduce  the  memory 
of  the  turbulence  structures  which  may  be  adequately  represented  by  the  second  order 


(T)  Except  for  very  a  typical  circumstances  which  are  encountered  in  meteorological 
problems  but  even  in  this  case  discussion  is  open. 

(tt)  A  fact  which  has  also  been  emphasized  for  isotropic  turbulence  by  Comte-Bellot  and 
Corrsin  (35) . 

(+tt)  The  Intermittency  phenomenum  has  been  first  detected  by  Corrsin  (30)  at  the  edge 
of  a  turbulent  zone.  In  this  form,  this  concept  characterizes  the  indentations  of 
the  turbulent  zone,  at  a  fixed  point  ;  it  is  defined  as  the  ratio  of  the  time  when 
the  turbulent  field  Intersects  a  sensing  device,  to  the  total  time.  This  concept 
can  easily  be  enlarged.  If  a  typical  event  has  to  be  emphasized,  it  can  be  useful 
to  characterize  its  extension  in  time  by  means  of  a  similar  ratio  (38).  This  event 
develops  in  a  surrounding  field  whose  properties  must  be  detected  at  the  appropriated 
times  ;  accordingly  this  selection  method  directly  leads  to  conditional  averages  (53). 
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moments  (t) .  The  rate  equation  for  the  turbulent  kinetic  energy  is  written  : 


In  its  contracted  form  the  evolution  of  the  Reynolds  stress  tensor  can  be  easily 
interpreted  :  the  turbulent  kinetic  energy  is  advected  by  the  mean  field,  it  is  fed  from 
an  interaction  between  the  shear  stress  and  the  mean  velocity  gradient,  and  it  is 
dissipated  by  viscosity  acting  on  small  structures.  Pressure  and  velocity  fluctuations 
are  responsible  for  turbulent  diffusion.  This  equation  displays  the  existence  of  production 
centers  whose  roles  have  been  clarified  (20,  37) .  For  a  free  jet  two  turbulent  centers  feed 
the  fluctuating  flow  with  energy,  they  are  approximately  located  at  the  inflexion  points 
of  the  mean  velocity  profile.  If  only  the  energy  production  is  considered,  the  region  closed 
to  the  axis  of  the  jet  is  not  active  ;  it  is  fed  with  energy  from  the  two  symmetrical 
centers,  with  diffusion  terms  playing  a  determinant  role.  For  lack  of  local  production 
the  amount  of  energy  on  the  axis  of  the  jet  is  slightly  smaller  than  at  the  two  inflexion 
points  (28,30  and  fig.  7),  a  fact  which  is  reinforced  where  two  dimensional  jets  are 
concerned.  Turbulent  structures  issued  from  A  and  B  interfere  on  the  axis  (a  similar 
mechanism  also  exists  in  pipe  flows,  38,  39).  These  structures  can  be  identified  by  using 
an  electronic  gate  which  is  triggered  by  the  sign  of  U2.  On  the  axis  successive  events 
marked  by  the  sign  of  U1U2  can  also  be  detected  (40) .  A  statistical  balance  leads  to 
U1U2  =  0.  During  these  periods  of  activity  a  significant  contribution  is  brought  to  the 
shear  stress  U1U2  :  between  these  periods  no  important  contribution  to  U1U2  is  detected 
a  fact  which  can  be  a  consequence  of  the  age  of  the  structures  under  consideration  (for 
old  structures  successively  subjected  to  mean  velocity  gradients  opposite  in  sign  a 
statistical  balance  operates) .  On  the  other  hand  we  can  conjecture  that  more  or  less 
extended  areas  exist  within  turbulent  fields  similar  to  those  encountered  in  wakes  (the 
velocity  of  coherent  structures  travelling  inside  the  flow  may  be  different  from  the 
local  velocity  ;  this  relative  speed  could  induce  a  wake  pattern) . 

In  fact,  mixing  zones  are  not  so  complex  because  they  are  fed  from  a  unique  turbulent 
center.  The  transverse  position  of  these  mixing  zones  cannot  be  deduced  from  symmetry 
arguments,  the  momentum  equation  must  be  applied  with  respect  to  the  axis  Xi  and  X2 .  For 
the  X2  component  all  the  terms  are  of  an  order  of  magnitude  c,  so  boundary  conditions 
have  to  be  introduced  very  carefully  (28  and  fig.  8) . 

Wall  jets  exhibit  strong  asymmetrical  behaviour  due  to  the  boundary  conditions.  In 
the  wall  region  viscosity  plays  a  direct  role  in  the  velocity  distribution.  Owing  to  the 
presence  of  the  wall  the  large  structure  are  limited  in  extent  ;  on  the  other  hand,  their 
dynamic  behaviour  is  hampered  by  a  fine  grained  turbulence  located  in  the  wall  region. 

Wall  jets  have  been  thoroughly  investigated  and  complex  geometries  have  been  examined 
(plane  wall  jet,  concave  and  convex  wall  jets,  jets  with  tailored  walls)  (18,  33,  41, 

42,  43).  Comparison  made  between  the  mean  velocity  profile  and  the  shear  stress  profile 
invalidates  a  first  gradient  assumption  ;  in  fact,  a  displacement  between  the  zeroes  of 
the  gradient  of  the  mean  velocity  and  the  shear  stress  term  has  been  observed  (  +  t)  .  Twenty 
years  ago  it  was  conjectured  that  such  a  displacement  is  the  consequence  of  the  turbulence 
memory  (18)  and  an  accurate  explanation  was  given  more  than  ten  years  ago  (37)  which 
underlines  the  memory  effect  in  connection  with  the  role  played  by  advective  terms. 
Prediction  models  given  by  Launder  (44)  supported  by  Lumley  (45)  and  by  Jeandel  (46)  are 
consistent  with  these  findings.  The  energy  budget  also  brings  to  light  the  strong 
asymmetry  of  the  flow.  Two  turbulent  centers  exist  but  a  large  amount  of  energy  originates 
from  the  jet  production  center  =  15,  fig.  9)  so  that  the  wall  region  is  significantly 

altered  farther  than  X2Vf  -  50.  This  action  of  the  jet  region  is  appreciable  even 

close  to  the  wall.  The  '^connection  between  the  skin  friction  coefficient  and  the  Reynolds 
number  R6  =  (fig.  4)  is  slightly  modify 


and  the  dependence  between  Cf  and  R,  is  somewhat  smaller  than  in  the  case  of  a  boundary 
layer  along  a  flate  plate  (47) . 

The  role  played  by  the  shape  of  the  wall  on  the  overall  properties  of  the  flow  such 
as  the  spreading  of  the  jet  or  the  intermittency  factor  must  be  underlined  (28,  41,  48 
and  fig.  10) .  These  comparisons  display  the  influence  of  large  structures  whose  dynamic 
behaviour  could  probably  be  connected  with  quasi-linear  theories  of  hydrodynamic 
stability  (49,  50).  These  eddies,  of  course,  do  not  participate  in  the  quasi  equilibrium 
state,  their  characteristic  times  being  of  the  same  order  of  magnitude  as  the  spreading 
of  the  jet  which  is  under  their  control.  The  complex  shape  of  the  turbulent  frontier,  in 
particular  the  size  of  the  Indentations  of  this  frontier,  does  not  determine  the  capability 


(t)  The  dynamic  behaviour  or  any  turbulent  structure  is  controled  by  the  Navier-Stokes 
equation.  Introducing  the  usual  splitting  into  a  mean  field  and  a  fluctuating  field, 
information  is  extracted  from  the  basic  equation  by  averaging.  An  hierarchy  of  moments 
about  mean  values  is  introduced,  and  partial  differential  equations  govern  their  evo¬ 
lutions  which  can  also  be  interpreted  in  functional  form. 

(tt)  This  situation  has  been  observed  in  most  turbulent  shear  flows  in  which  there  exists 
an  asymmetry  in  the  mean  profile.  If  this  effect  becomes  significantly  large  the 
turbulent  production  will  be  negative. 


of  a  flow  for  entrainment.  The  engulfing  mechanism  is  linked  to  the  dynamic  properties 
of  the  flow  in  a  more  intricate  way  ;  however,  a  dependance  can  be  pointed  out  where 
similar  flow  patterns  are  considered  (37)  .  The  engulfment  of  external  fluid  by  the 
turbulent  flow  and  its  conteunination  by  turbulence  through  a  "nibbling”  process  is  not 
yet  understood  and  one  can  regret  that  the  effort  made  during  the  last  decade  (2,  28, 

5l  -  55)  have  somewhat  receded.  All  these  attempts  have  not  been  successful!  in  spite 
of  more  and  more  sophisticated  means  of  investigation,  and  the  spreading  of  the  initial 
turbulent  region  remains  one  of  the  most  challenging  problem  for  scientists  and  engineers. 

2.2.  Some_tygical_groblems 

2.2.1.  Cgherent_structures_and_the_sgreading_grocess . 

In  the  last  section  general  properties  of  free  flows  such  as  mixing  zone  free  jets 
and  wall  jets  have  been  examined.  From  an  overall  view  of  the  technical  literature  we 
can  conclude  that  two  dimensional  and  round  jets  have  been  extensively  Investigated  at 
a  given  stage  of  their  development.  In  such  circumstances  the  flow  perperties  may  be 
precisely  defined  and  are  independent  of  initial  conditions. 

In  the  mixing  zone,  close  to  the  exit  nozzle,  several  researchers  have  detected 
coherent  structures.  This  fact  has  led  them  to  fundamentally  reexamine  the  problem  of 
the  turbulence.  In  their  opinion  a  turbulent  field  is  not  so  randomized  as  had  previously 
been  imagined  ;  its  behaviour  is  more  or  less  dominated  by  large  organized  structures.  In 
tact,  however,  these  conclusions  have  been  extracted  from  particular  situations  (56) ,  and 
a  more  general  review  of  this  problem  exhibits  some  real  difficulties.  Investigators 
operate  in  a  large  range  of  Reynolds  numbers,  starting  conditions  are  often  unknown  and 
it  is  often  difficult  to  detect  the  nature  of  the  initial  boundary  layer  (laminar  or 
turbulent) .  In  any  case,  the  existence  of  coherent  structures  cannot  be  denied  and 
the  industrial  Importance  of  the  flow  in  the  region  close  to  the  exit  where  these 
structures  are  most  clearly  seen  is  evident  (jet  engines,  ground  effects  for  vertical 
take  off  and  landing  (VTOL)  or  for  short  take  off  and  landing  (STOL) ,  burners...), 
therefore  it  would  be  very  usefull  to  analyze  investigations  dealing  with  this  problem 
especially  examining  some  relevant  experimental  situations  such  as  : 

.  the  Reynolds  number  at  the  exit  nozzle  ; 

.  the  nature  and  the  thlkness  of  the  initial  boundary  layer  ; 

.  the  turbulence  level  at  the  starting  section  ; 

.  the  spectrum  in  the  free  flow  at  the  exit  nozzle  in  order  to  detect  typical 
frequencies  in  connection  with  the  facility  drawing. 

We  present  information,  previously  quoted  in  Madrid  conference  (56)  ,  which  emphasizes 
the  large  range  of  investigations  even  though  the  Reynolds  number  is  choosen  as  a  unique 
parameter  : 


Kinds  of  flows 

Reynolds  number 

Location  of  the  test 
section  with  respect 
to  the  starting  section 

Jet  (round  and  plane) . 

u  d/Y  =  300  to  300  000 

15  to  100 

o 

Mixing  zone  of  jet  with 

U  d/Y  =  100  to  370  000 

0  to  16  d^ 

or  without  excitation. 

Where  asymptotic  behaviour  is  concerned  the  turbulent  characteristics  of  the  flow 
must  be  Independant  of  initial  conditions,  a  situation  which  is  extremely  difficult  to 
manage  for  mixing  zones.  Recent  works  (57  -60)  examine  the  role  played  by  the  initial 
condition.  If  we  admit  that  mixing  zones  are  very  sensitive  to  any  external  disturbances, 
the  nature  (laminar  or  turbulent)  of  the  starting  flow  should  be  taken  into  account. 

For  lack  of  a  general  theory  we  must  examine  the  development  of  coherent  structures 
in  different  types  of  flows.  At  first,  the  geometry  of  the  flow  plays  a  role.  For  example 
Sunyach  (28)  has  shown  that  the  turbulence  spectrum  in  a  round  jet  exhibits  a  peak  which 
reveals  the  existence  of  ordered  structures,  but  this  peak  is  not  so  apparent  in  a  plane 
jet.  By  using  hot  wire  rakes  these  large  structures  can  also  be  detected.  A  circular 
geometry  certainly  reinforces  the  existence  of  stable  toroidal  structures  the  existence 
of  which  can  easily  be  emphasized,  especially  using  a  Lagranglan  frame.  Acoustical 
disturbances  (61)  may  also  reinforce  and  control  this  phenomenon.  An  attempt  has  been 
made  by  the  constructors  to  initiate  a  spanwlse  break  up  of  these  rolling  structures  and 
thus  the  nozzle  exit  of  jet  engines  can  exhibit  a  complex  shape.  With  regard  to  the 
entrainment  process.  Information  is  given  by  the  transfer  terms  weighted  by  an  intermittency 
factor.  These  equations  have  been  derived  by  Dopazo  (54).  Estimation  of  these  transfer 
terms  by  measurements  carried  out  inside  or  outside  the  frontier  are  consistent  with  each 
other,  for  a  wall  jet,  it  has  been  made  by  Alcaraz  (24  and  fig.  11).  However  for  purposes 
of  this  review  it  will  be  Impossible  to  examine  all  the  details  ;  we  must  concentrate  on 
the  most  enlightening  features. 
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Typical  contributions  to  the  problem  of  coherent  structures  presented  at  Southeunpton 
(March  1974)  have  been  excellently  reviewed  by  POAL  Davies  and  AJ  Yule  (62) .  A  more  recent 
synthesis  has  been  made  by  J.  Mathleu  and  G.  Charnay  in  Madrid  (56) .  A  general  definition 
of  coherent  structures  has  been  proposed  by  Yule  :  "Large  eddies  which  may  be  repetitive 
in  structure,  remain  coherent  for  significant  downstream  distances  and  which  may  be  quasl- 
deterministic  with  birth-life-death  cycles"  (15) .  The  existence  of  organized  structures 
has  been  suspected  as  early  as  1948.  Dryden  wrote  "It  is  necessary  to  separate  the  random 
processes  from  the  random  elements",  and  many  scientists  have  taJcen  a  great  interest  in 
this  sort  of  investigations  (63,  64,  65,  ...).  One  should  notice  that  most  of  this  wor)c 
for  mixing  zones  has  been  carried  out  at  moderate  Reynolds  numbers,  the  detection  of 
coherent  structure  becoming  more  and  more  difficult  as  the  velocity  increases.  In  spite 
of  some  evidence  the  problem  is  open  to  debate.  For  instance,  Bradshaw  (66)  concluded 
that  "Experiments  in  plane  mixing  layers  and  the  foregoing  review  of  recent  papers  suggest 
that  the  two  dimensional  vortex-roll  disturbances  arise  in  the  transition  region  and 
would  appear  only  in  plane  mixing  layers  with  laminar  boundary  layers  at  the  nozzle  exit 
and  low  turbulence  in  the  external  flow".  This  opinion  agrees  with  the  received  view  that 
mixing  layers  become  unstable,  at  very  low  values  of  the  Reynolds  number  based  on  local 
thiclcness,  to  two  dimensional  or  axisymmetric  "disturbances.  Accordingly  these  vortex 
rolls  could  be  some  sequels  of  linear  transition  instabilities. 

However,  the  two  dimensional  "vortex  roll"  disturbances  which  are  the  eigenmodes  of 
instability  of  a  l2uninar  mixing  layer  would  become  persistent  under  typical  circumstances. 
These  disturbances  could  grow  and  pair  once,  twice  or  even  more  often  before  apprecj.able 
three  dimensionality  appears.  From  a  spectral  analysis  the  pairing  process  could  be  consi¬ 
dered  as  a  reverse  cascade,  small  structures  being  capable  of  becoming  large  structures. 
Anyway,  this  )tind  of  mechanism  can  be  detected  even  where  homogeneous  flows  are  concerned. 
With  a  view  of  a  best  understanding  of  the  phenomena,  the  role  played  by  the  quoted 
parameters  should  be  brought  to  light  ;  for  excimple,  we  may  easily  understand  how 
important  the  influence  of  fine  grained  turbulence  acting  as  an  additional  viscosity 
could  be  ;  it  could  be  capable  inhibiting  the  two  dimensional  instabilities  from  brea)cing 
up. 


At  this  time  the  discussion  is  not  supported  by  accurate  enough  experimental  inves¬ 
tigations  which  include  all  the  parameters,  so  that  it  is  not  possible  to  give  final 
conclusions  about  the  role  and  importance  of  these  structures.  To  a  large  extent,  the 
answer  depends  on  the  definition  which  is  accepted  for  turbulence.  If  we  admit  that 
turbulence  is  typically  a  three  dimensional  phenomenum  including  also  a  stretching 
process  of  the  vortex  lines  by  the  velocity  field  itself,  structures  like  vortex-rolls 
whose  axes  are  perpendicular  to  the  velocity  are  not  concerned.  This  stretching  mechanism 
is  controled  by  the  Helmholtz  equation  : 

35,  35,  3U,  3^5, 

Tt  “j  ^  ajT  ^  3x72 

J  J  J  3u 

For  two  dimensional  fields  5,  is  null.  The  evolution  of  5j^  is  determined  by  a 
balance  between  advective  and  ^  j  diffusive  terms  only. 

Even  though  we  adopt  this  restrictive  definition  the  presence  of  more  conqplex 
ordered  structures  is  not  eliminated.  The  new  basic  problem  still  remains  that  of  how 
typical  structures  could  be  selected  and  reinforced.  Except  for  the  isotropic  turbulence 
which  is  only  subjected  to  its  own  influence,  most  flow  patterns  are  subjected  to 
external  forces  the  role  of  which  can  be  more  or  less  predominant.  Disregarding  initial 
conditions  which  could  generate,  under  typical  circumstances,  turbulent  structures 
directly  marked  by  transitional  modes,  we  must  wonder  whether  the  final  state  of  a 
turbulent  flow  is  still  dominated  by  large  organized  structures.  Coriolis,  buoyancy  or 
acoustical  forces  can  also  influence  the  development  of  turbulent  fields  (67,  68,  69,  61). 
It  is  even  known  that  driving  forces  generated  by  the  rotation  of  the  freune  can  increase 
so  much  as  to  cancel  randomizing  effects.  The  action  of  a  mean,  velocity  gradient  on  a 
turbulent  field  is  perhaps  not  so  effective  as  the  previous  effects  but  it  is  the  only 
mechanism  capedsle  of  orienting  turbulent  structures  during  all  the  final  stages  of  the 
flow  development  through  the  typical  role  of  the  stretching  process  (37).  As  a  first 
simple  case  for  consideration  we  can  start  with  a  basic  model  of  an  homogeneous  shear 
flow.  Except  for  the  role  played  by  initial  conditions  (70,  71,  72),  it  retains  some 
of  the  main  features  encountered  in  mixing  zones,  jets  and  so  on.  Frontier  effects  are 
eliminated,  but  the  turbulent  field  can  be  subjected  to  very  strong  external  influences 
since  the  mean  velocity  gradient  is  not  generated  by  the  development  of  the  turbulence 
field  itself  but  is  imposed  from  external  boundary  conditions.  However,  we  can  conjecture 
that  the  development  of  large  eddies  is  subjected  to  a  selection  mechanism.  Eddies,  the 
axis  of  which  coincide  with  that  of  the  stretching  of  the  main  flow,  will  be  tracked  and 
strongly  eunpllfled  (t)  (71  and  fig.  12)  .  Gence  examined  how  much  the  turbulence  is 

dependant  on  the  relative  position  of  principal  axes  of  the  strain  with  respect  to  those 
of  the  Reynolds  stress  tensor.  In  the  case  under  consideration,  the  angle  a  which 
characterizes  the  relative  position  of  these  axes  can  be  adjusted  experimentally.  A 
reversed  energy  cascade  can  occur  for  sult^d}le  values  of  a  ;  and  such  "pathological 
cases"  have  experimentally  been  detected  (73,  74).  Where  shear  effects  exit,  straining 
and  rotating  processes  are  mingled,  so  that  the  behaviour  of  turbulent  structures  is 
somewhat  difficult  to  determine.  Accounting  the  foregoing  results  it  is  possible  to 
qualitatively  combine  a  rotation  of  the  straining  axis  with  a  rotation  of  the  frame  ;  the 
relative  position  of  the  principal  axes  of  the  Reynolds  stress  tensor  with  respect  to  the 
principal  axes  of  the  straining  process  (associated  with  the  mean  velocity  field)  can  be 
qualitatively  predicted. 

(t)  0"  the  contrary,  the  intensity  of  eddies  whose  axes  coincide  with  the  contraction  axes 
strongly  decreases. 
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In  all  practical  cases,  the  turbulent  field  is  limited  in  extent.  Surrounding  regions 
are  contaminated  by  the  turbulent  flow  in  a  very  complex  way.  The  previous  considerations 
have  to  be  supplemented  by  a  most  challenging  problem  which  concerns  the  entrainment 
process.  At  first,  we  must  remark  that  it  cannot  be  easily  understood  from  a  global 
analysis  of  the  Reynolds  stress  tensor.  Irrespective  of  the  mechanical  behaviour  of  the 
phenomena,  computing  methods  use  a  matching  process.  Outside  turbulent  zones  we  can 
assume  : 

rr  lEi  =  1  JL 

‘  3Xi  ■  p  3Xi 


whereas  just  inside  turbulent  areas  we  write  : 


1  3P  I  3t 

‘  3Xi  ^  ax,  p  axi  axj 


Accounting  for  the  order  of  magnitude  of  these  quantities,  it  is  found  that  : 


lUi 


aUl  I 

ax,  1 6 


X 


\±L\ 

'  ax, ' « 


with 


Accordingly,  the  rate  equations  for  the  tensor  components  u.u.  are  supplemented 
the  previous  conditions  given  at  the  limiting  value  X,  =  6.^  ^  (t) 


With  modeling  methods  delicate  adjustments  are  made  according  to  the  shape  of  the 
jet  (two  dimensional  jets  or  circular  jets).  This  difficulty  can  easily  be  understood 
from  these  remarks.  In  section  III,  the  flexibility  of  modelling  methods  will  be 
reexamined  briefly. 


2.2.2.  Sgme_industr ial_cgnseguences . 

Where  multi-jets  are  concerned  the  entrainment  process  becomes  predominant.  The 
stability  of  the  system  is  rather  poor  and  is  probably  controled  by  many  types  of 
entrainment  processes  and  the  jets  tend  to  coalesce.  Experimental  investigations  are 
difficult  and  rare  (ref.  75-78)  and  prediction  methods  collapse.  Flapping  phenomena 
have  also  been  detected  (ref.  79) . 


The  sensitivity  of  the  flow,  at  the  exit  of  the  nozzle,  to  disturbances  have  been 
brought  to  light  by  using  periodic  sources  located,  for  instance,  in  the  settling 
chamber  of  a  wind  tunnel  (61).  We  must  also  point  out  some  recent  findings  related 
to  the  dynamics  of  an  impinging  jet  (80) .  An  impinging  jet  can  be  viewed  as  a  synthesis 
of  diverse  flow  patterns,  namely  a  mixing  zone,  a  free  turbulent  jet,  a  stagnation 
region  surrounded  by  an  area  within  strong  streamline  curvature  which  generates  severe 
vortex  stretching  (81),  Kestln  and  Mader) ,  and  finally  a  wall  jet.  Recently  some 
researchers  have  detected  a  feedback  phenomenon  which  underlines  the  sensitivity  of  the 
upstream  flow  to  small  disturbances.  In  a  high-speed  subsonic  jet  impinging  on  a  flat 
plate,  the  surface  pressure  fluctuations  exhibit  a  broad  spectrum  owing  to  the  turbulent 
nature  of  the  high  Reynolds  number  jet.  These  pressure  fluctuations  suddenly  change  their 
pattern  into  almost  periodic  waves  if  the  plate  is  placed  close  to  the  nozzle  (X  /d  <  7.5). 
Experimental  data  support  the  hypothesis  that  a  feedback  mechanism  is  responsibli  ° 
for  the  sudden  change  observed  in  the  pressure  fluctuations  at  the  onset  of  resonance. 

One  can  conjecture  that  the  feedback  loop  is  associated  with  two  mechanisms  ;  the 
downstream  convected  coherent  structures  and  an  upstream  propagation  pressure  wave  (like 
acoustic  waves)  generated  by  the  impingement  of  the  coherent  structures  on  the  plate.  The 
upstream  propagating  waves  are  phase  locked  at  the  nozzle  exit.  For  convenient  conditions, 
these  upstream  propagating  waves  excite  the  thin  layer  near  the  nozzle  lip  and  reinforce 
them.  Thereby  an  instability  process  occurs  which  at  least  depends  on  the  convection  speed 
of  coherent  structures,  the  speed  of  the  upstream  propagating  waves  and  the  distance 
between  the  nozzle  and  the  plate.  This  "collective  interaction"  is  roughly  described 
in  the  figure  13.  We  must  remark  that  "the  shear  layer  oscillating  at  a  frequency  much 
lower  than  its  intrinsic  unstable  frequency  undergoes  a  collective  interaction  in  which 
many  small  vortices  merge  together  to  form  a  large  coherent  structure".  The  capability 
of  a  non-linear  system  in  generating  upper  as  well  as  lower  frequencies  with  respect  to 
a  forcing  frequency  probably  occurs  through  a  somewhat  more  complex  mechanism  than  the 
one  proposed  in  the  previous  sketch.  As  the  resonance  is  detected,  the  shear  layer  rapidly 
grows  within  a  short  distance  of  the  nozzle.  In  this  research  the  plate  was  placed  perpen¬ 
dicularly  co  the  axis  of  the  jet.  What  happens  for  inclined  plates  (82)  ?  Is  the  resonance 
as  sharp  or  is  a  larger  range  of  frequencies  concerned  in  the  foregoing  phenomenon  ? 

The  role  played  by  coherent  structures  in  the  spreading  of  the  jet  has  been  discussed. 
The  turbulent  mixing  of  a  circular  jet  in  cross  flow  is  also  of  significant  importance 
in  emphasizing  the  role  of  deterministic  structures  on  the  development  of  the  jet.  This 


(t)  Through  an  averaging  process  and  accounting  for  second  order  moments  only  information 
are  most  compressed,  so  that  phenomena  linked  to  the  entrainment  are  partially 
oblitered. 
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configuration  has  been  analyzed  in  several  papers  (83  -  87)  and  prediction  methods  have 
been  developed.  In  order  to  reduce  the  computing  time  typical  integral  methods  have 
been  introduced  based  on  two  integral  momentum  equations.  Where  a  plane  jet  is  concerned 
mean  vortex  lines  are  normal  to  the  direction  of  the  mean  flow  (profile  A)  and  no 
stretching  process  can  t2dce  place  where  the  mean  flow  is  concerned  only.  With  a  circular 
jet  a  pair  of  vortices  are  generated  through  a  stretching  process  of  the  initial  vortex 
lines  which  coalesce  (fig.  14. a)  ;  in  fact,  for  the  transverse  profile  B,  the  mean 
vortex  lines  and  the  mean  velocity  are  colinear.  The  development  of  jet  cross  sections 
downstream  along  its  centre-line  are  shown  in  figure  14. b.  The  phenomenum  is  not 
fundamentally  different  from  the  passage  flow  within  a  blade  cascade.  An  explanation  can 
be  given  starting  from  the  vortex  lines  :  a  component  in  the  streamline  direction  appears 
as  the  jet  flow  is  bent.  It  is  also  possible  to  explain  these  deterministic  structures 
accounting  for  small  transverse  inhomogeneities  of  the  pressure  field  linked  to  the 
curvature  of  the  streamlines.  Scientists  who  are  dealing  with  this  problem  have  to 
consider  a  typical  entrainment  rate  equation.  The  spreading  of  the  jet  is  determined  as 
the  linear  combination  of  a  modified  straight  jet  entrainment  and  the  entrainment  by  a 
vortex  pair  and  the  problems  of  similarity  and  cross  section  shape  in  the  curved  jet  has 
to  be  associated  with  entrainment.  The  role  played  by  the  mean  and  turbulent  characteristics 
of  the  cross  flow  should  also  be  examined.  Where  cooling  effects  of  turbine  blades  are 
concerned  the  dynamic  properties  of  the  jet  must  be  considered  in  connection  with  the 
overall  aerodynamic  field  within  the  passage.  The  induced  vorticity  determines  a  pressure 
field  with  a  low  pressure  region  which  could  engulf  the  coalescent  jets. 

Two  industrial  consequences  of  specific  development  of  jet  flows  have  been  underlined, 
namely  coupling  mechanisms  for  impinging  jets  and  typical  entrainment  process  for  turbulent 
jet  in  cross  flow.  The  noise  generation  of  jets  is  also  to  be  considered,  taking  into 
account  the  foregoing  mechanisms. 

The  location  of  noise  sources  can  be  obtained  through  causality  methods  (to  this  end 
correlations  between  source  terms  in  Lighthill's  theory  and  the  acoustic  pressure  in  the 
far  field  are  detected)  or  more  recently  by  means  of  purely  acoustical  methods  (reflecting 
telescope,  elliptic  mirror) .  From  these  investigations  the  role  played  by  the  aerodynamic 
field  just  downstream  of  the  exit  nozzle  (88,  89,  90)  should  be  predominant.  When  structures 
like  rolling  vortices  exist,  "vortex  pairing"  could  be  responsible  for  a  large  part  of  the 
noise  generation  (88) .  So  far,  this  assumption  which  is  utterly  plausible  has  not  yet  been 
demonstrated.  In  fact, 

.  The  jet  noise  does  not  significantly  exceed  the  exit  noise  except  for  high  speed 
jets,  but  in  this  situation  the  "pairing  vortex"  is  not  clearly  detected. 

.  Investigations  carried  out  at  several  points  by  means  of  a  hot  wire  anemometer  can 
disturb  acoustical  fields. 

However  Laufer's  assumption  is  supported  by  several  arguments  : 

-  The  acoustical  field  originating  from  a  fixed  point  within  the  jet  is  discontinuous  ; 
periods  of  intense  activity  alternate  with  silent  periods. 

-  Excitation  tends  to  reinforce  a  phenomenon  similar  to  "pairing"  which  can  be 
detected  in  the  potential  core  by  a  subharmonic  component  in  the  spectrum.  A  theoretical 
analysis  of  this  phenomenon  has  been  presented  by  Kelly  (91)  who  explains  at  first  the 
linear  development  of  the  fundamental  disturbance.  For  a  given  threshold  the  perturbation 
interacts  with  the  mean  field.  Small  disturbances  Imbedded  in  the  flow  are  subjected  to  a 
parametric  cimplif ication  which  exhibits  a  resonance  for  a  subharmonic  value  of  the 
fundamental  tone.  Moreover  it  seems  that  such  a  mechanism  can  be  detected  in  all  the  kinds 
of  jet  flows  (92,  93,  94)  ;  this  general  feature  also  supports  this  explanation. 

However,  this  theory  falls  to  explain  the  development  of  the  broad  range  noise.  We 
can  suspect  that  the  underlying  turbulence  acts  on  the  amplitude  and  the  phase  of  the 
generated  noise  through  a  scattering  process  ;  the  noise  generation  by  a  break-up  process 
of  these  organized  structures  can  also  be  conjectured. 


3.  MODELLING  METHODS 
3.1.  Gsneral_view 

We  do  not  Intend  to  give  an  overview  of  predictive  methods  which  are  to  be  treated 
in  next  section.  Moreover  an  overall  survey  has  been  presented  at  several  congresses  and 
meetings  (95,  96).  Disregarding  numerical  simulations  of  the  Reynolds  equations  with  a 
view  to  predicting  the  overall  turbulence  field  (t) ,  we  can  classify  these  modelling 
methods  into  four  groups.  The  first  group  examines  the  turbulence  properties  working  in 
physical  space  ;  a  spectral  equilibrium  is  implicitly  assumed.  For  the  second  one  an 
attempt  is  made  to  predict  the  role  of  the  structures  as  a  function  of  their  sizes.  For 
the  third  group  a  typical  splitting  of  the  field  is  proposed  ;  large  structures  of  the 


(t)  This  method  requires  very  large  computing  time,  it  has  extensively  been  developed  for 
isotropic  flow  at  moderate  turbulent  Reynolds  numbers.  The  simulation  of  the  smallest 
scales  of  turbulence  determines  the  net  sizes. 
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turbulence  are  treated  in  a  deterministic  way,  the  Influence  of  the  si..tllest  ones  being 
treated  with  a  statls*-^cal  approach.  We  must  also  mention  probabilistic  approaches  which 
deal  with  a  probability  density  function.  This  method  is  especially  effective  when  some 
properties  of  the  turbulent  field  (for  example  the  concentration  of  chemical  species 
with  chemical  reaction)  do  not  follow  a  normal  law.  This  method,  currently  being  developed, 
Is  not  sufficiently  supported  by  mathematical  developments  and  experimental  data. 

Only  the  first  and  the  third  methods  will  be  further  discussed  they  have  close 
connection  with  our  problem. 


3.2.  ^delllng_methods  carried_out_ln_ghyslcal_sgace 

These  methods  assume  a  spectral  equilibrium  roughly  characterized  by  the  capability 
o'  defining  three  classes  of  turbulence  structures.  The  largest  eddies  are  strongly  marked 
by  the  mean  flow,  feeding  with  energy  the  Inertial  range  which  is  dominated  by  a  constant 
energy  flux  travelling  from  the  largest  structures  to  the  smallest  ones.  In  this  range  of 
the  spectrum  the  action  of  viscosity  Is  supposed  to  be  negligible  ;  as  for  the  third  part 
of  the  spectrum  It  Is  dominated  by  viscous  effects  which  transform  the  mechanical  energy 
of  these  fine  grained  structures  Into  heat.  Accordingly  all  the  parts  of  the  spectrum  are 
linked  to  each  other  through  this  energy  flux  which  Is  not  altered  within  the  Inertial 
range.  Turbulence  characteristics  are  also  defined  by  a  simple  scaling,  the  macroscales 
and  the  microscales  being  connected  with  each  other  through  the  turbulence  Reynolds  number. 
The  amount  of  dissipative  energy  results  from  interactions  between  the  mean  field  emd 
turbulence  structures  responsible  for  uiua.  The  smallest  structures  have  to  be  adapted 
in  order  to  dissipate  an  energy  flux  whose  amount  is  fixed  by  larger  structures. 


With  this  method  we  essentially  have  to  predict  the  evolution  of  both  the  mean 
field  U^,  P  and  the  Reynolds  stress  components  (t) . 

In  fact  this  method  which  starts  from  correlations  at  a  unique  point  does  not  fix 
the  turbulence  scaling,  therefore  the  previous  equations  must  be  supplemented  by  the  rate 
equation  for  e  or  q^L  (46,  98) .  Where  boundary  layers  assumgtions  are  valid  one  must 
consider  a  differential  system  for  the  five  components  Ui ,  Uj ,  q^ ,  uiU2  and  c.  For  a  steady 
and  homogeneous  shear  flow,  they  are  : 


‘  3X,  ^  axj  0  3Xi  3X2 


3Ui  3Ui 
3Xi  3X2 


*  “>  *  si:  i“>p  *  ‘ 


3Xi 


3X2  2 


3^*^!  3^"l 


u  +  n  -3l  +  +  iHiE  -  _  ^ 

3Xi  ^  3X2  3Xi  3X2  ^*k  3X^3Xj  3X^3Xj 


The  role  played  by  the  pressure  Is  complex  ;  It  Is  a  consequence  of  linear  and  non¬ 
linear  effects.  The  correlation  term  UiU2  grows  up  as  both  the  mean  velocity  gradient  and 
the  transverse  velocity  fluctuations  Increase  ;  it  is  refrained  by  the  rate  of  strain 
pressure  correlation  as  seen  in  figure  15  (37). 

The  inhomogeneity  of  the  field  Is  taken  into  account  by  additional  terms  which  are 
roughly  evaluated.  Where  spreading  flows  are  concerned,  the  entrainment  process  is  not 
determined  by  the  previous  system.  For  lack  of  information  other  considerations  are 
required.  At  the  present  time  the  treatment  of  both  weak  or  strong  Inhomogenlty  and 
entrainment  processes  are  In  progress. 

3.3.  l!grge_eddy_simulation_aEBE2SS!} 

If  the  largest  structures  are  responsible  for  the  rate  of  entrainment  we  cannot 
expect  a  fundamental  Improvement  from  methods  which  globally  consider  the  fluctuating 
motions  about  the  me^  motion  ;  In  other  words,  the  usual  splitting  Into  mean  and 
turbulent  flow  t  may  not  be  very  adequate. 


(t)  In  a  first  attemgt  Introduced  by  Bradshaw  (97)  unique  Information  has  ^en  used  with 
the  contraction  ^  »  I  t^Uj  for  1  =  j  and  a  simple  connection  between  q^  and  U1U2  has 
been  conjectured  for  a  specific  pattern  of  flow. 
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If  the  largest  eddies  are  considered  as  deterministic  structures  substantial 
Improvements  might  be  made.  The  history  of  these  structures  should  be  considered  In 
a  Lagranglan  frame  and  their  entrainment  capability  might  be  reexamined  through  both 
an  engulfing  and  a  nibbling  process.  The  method  Is  briefly  recalled. 

Leonard  (99)  separates^the  velocity  field  Oi(J,t)  Into  a  grid  scale  component  u.(x,t) 
and  a  subgrid  component  Ui'(X,t)  by  using  a  weighing  function  G(X/X') 

Oj^(X,t)  =  /  GIX/X'I  Uj^(X',t)dX' 


Ui  =  Ui  +  u’i 


/  G[X/X’ ]dX'  =  1 


The  filtering  operation  Is  of  course  different  from  an  averaging  process  which  has 
a  statistical  meaning.  A  filtered  quantity  has  to  be  considered  as  a  typical  event  which 
can  occur  under  any  circumstances.  This  event,  when  It  happens,  develops  In  an  environment 
the  properties  of  which  have  to  be  considered  In  connection  with  the  existence  of  the 
principal  event.  This  should  lead  to  conditional  samplings  supplemented  by  averaging 
operations. 

If  the  physical  properties  of  the  fluid  are  constant  the  result  of  filtering  the 
Navler-Stokes  equation  Is  : 

Tt  ^  W.  "i"j  =  -  B  ^  “i 
This  equation  Is  supplemented  by  the  continuity  equation  : 


For  the  advectlon  term  It  Is  found  that 


UfUj  =  U^  u.  +  u'^u.  +  U^U- .  t  U'^U- . 

By  using  a  series  expansion  It  is  found  that  : 

3  3  r*  *  .  .  3  3  3  *  '  . 

3Xj  “i“j  3X^  3Xj  S  3X^  3X^  “i** j  ^ 

The  Leonard  term  can  be  written 


^ij  “  “i“j  “ 


The  product  of  filtered  quantities  Is  considered  with  or  without  additional  filtering. 
The  "cross  term" 

^ij  =  “i"'j  +  “'i“j 

represents  Interactions  between  the  residual  field  and  the  filtered  field.  "A  priori"  this 
sort  of  Interaction  should  not  be  located  in  spectral  space. 

On  the  other  hand,  the  subgrid  Reynolds  tensor  R,  .  =  uLu'j  emphasizes  the  role  of 
small  structures  only.  However,  it  can  be  proved  that^such  interactions  can  occasionally 
generate  structures  far  outside  the  subgrid  scale  from  a  triadic  analysis. 


We  set  Tj^j  =  Rj^j  + 
and  Introduce  the  devlatorlc  tensor 
On  the  other  hand  we  write  ; 

"  3  \)c 

Finally  we  have  : 


^ij  "  '^ij  "  3  *ij 


-'■-4  4.  9  u  u  -  ~  ^  [Lx  1 

3t  3Xj  “l“j  3X  3Xj‘^^ij 
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Subsequent  workers  have  followed  Smagorinski  (100)  and  write 
3u.  3uj 

''i  j  "  ■  3X^  ’ 

for  the  "subgrid  term". 

Such  an  assumption  gives  rise  to  several  remarks.  For  sake  of  brievety  we  will 
emphasize  some  difficulties  probably  originating  from  Smagorinsky ' s  assumption.  Non¬ 
linear  interactions  between  turbulence  structures  are  very  complex  ;  reverse  cascades 
of  energy  can  occur.  For  these  exchanges  energy  comes  from  structures  belonging  to  the 
subgrid  structures  and  goes  to  structures  belonging  to  the  filtered  field.  Gence 
has  shown  that  these  exchanges  essentially  depend  on  the  relative  position  of  the  principal 
axes  of  the  mean  field  (with  respect  to  the  principal  axes  of  the  Reynolds  stress  tensor) . 
In  the  case  under  consideration  a  feedback  mechanism  can  take  place  for  adequate  relative 
positions  of  the  principal  axes  of  the  filtered  field  with  respect  to  those  of  the  subgrid 
field.  Introducing  a  crude  hypothesis  through  a  turbulent  eddy  viscosity,  Smagorinsky 
eliminated  this  "back  scattering".  Comparisons  which  have  been  made  with  an  extended  EDQNM 
method  support  this  assumption  (101,  102). 

In  spite  of  this  difficulty  computing  times  are  very  large.  Nevertheless  we  can 
expect  some  Illuminating  information  provided  that  an  adequate  numerical  scheme  is 
introduced. 

We  previously  indicated  that  complex  flows  such  as  impinging  jets  can  be  viewed  as 
a  synthesis  of  diverse  flow  modulus.  Where  modelling  methods  are  concerned  we  could 
develop  some  typical  approaches  concerning  the  impinging  area.  In  fact,  this  region  can 
be  considered  as  preferentially  marked  by  a  strong  curvature  of  the  mean  streamlines 
associated  with  a  strong  straining  process.  We  just  recall  that  Coriolis  effects  have 
recently  been  analyzed  by  spectral  methods  (68)  ,  theoretical  results  being  in  good 
agreement  with  more  or  less  empirical  relations  (48)  .  As  for  the  rapid  distorsion  which 
is  imposed  on  the  turbulent  field,  it  can  be  treated  as  a  linear  problem  the  characteristic 
time  of  the  turbulence  being  rather  large  in  comparison  with  the  residence  term  (the  time 
taken  by  a  turbulent  structure  to  travel  from  E  to  F,  fig.  1).  Strong  curvatures  effects 
probably  restrain  instabilities  so  that  the  entrainment  is  rather  weak  in  this  region,  a 
fact  which  is  connected  with  curved  wall  jet  development  (concave  wall) .  A  relative 
stability  of  the  flow  can  also  be  detected  in  the  near  region  downstream  of  the  impinging 
zone. 


4.  CONCLUSION 

The  tui-ulent  mechanisms  inherent  in  the  development  of  free  turbulent  flows  are 
not  completely  understood.  Homogeneous  flows  have  been  thoroughly  analyzed  and  information 
is  available  ;  on  the  contrary  the  contamination  of  the  non-turbulent  region  by  turbulent 
flows  remains  a  challenging  problem  in  spite  of  vigorous  efforts  :  sophisticated 
investigations  by  means  of  hot  wire  or  laser  anemometers  have  been  carried  out  and  many 
experiments  data  are  available.  For  lack  of  adequate  theory,  the  entrainment  process 
exhibits  many  aspects,  the  dynamic  of  large  structures  being  probably  a  relevant  parameter. 
The  existence  and  the  shape  of  these  structures  probably  depends  on  the  overall  field. 

Under  some  circumstances  they  have  a  deterministic  origin  ;  in  other  cases  they  can  be 
considered  as  belonging  to  either  a  deterministic  process  or  a  statistical  one.  We  can 
conjecture  that  in  typical  configurations,  such  as  mixing  zones,  they  are  a  sequel  of  a 
transition  phenomenon  which  prevails  even  far  from  the  exit  nozzle.  In  the  near  future 
it  will  be  very  useful  to  carry  out  careful  investigations  in  order  to  clarify  these 
questions. 


APPENDIX 

In  order  to  understand  the  role  played  by  the  pressure  field  we  examine  the  partial 
differential  system  : 


Ui 


1  _3P. 
0  3Xi 


Ui 


aUi 

axz 


3Ui  ^ 
3X,  3X2 


0 


1  JP_ 

P  3X2 


In  the  momentum  equation  the  viscous  terms  have  been  dropped.  With  these  terms 
second  derivatives  appear  which  obliterate  the  role  of  the  pressure  and  velocity  field. 
Anyway,  for  incompressible  fluids,  viscous  terms  do  not  play  a  direct  role  in  Poisson's 
equation  ;  they  Intervene  through  the  velocity  field  only.  A  singular  perturbation 
problem  appears  if  these  second  order  terms  tend  to  zero. 


In  its  complete  form  the  system  gives  rise  to  a  complex  set  of  characteristic  lines. 


.  Imaginary  roots  correspond  to  an  elliptic  behaviour  of  the  system  strictly 
linked  to  the  role  of  the  pressure  terms.  All  the  parts  of  the  flow  are  closely 
connected  with  each  other  through  this  pressure  term. 

.  The  real  root  corresponds  to  an  hyperbolic  behaviour  of  the  system.  The  charac¬ 
teristic  curves  are  the  streeunlines ,  and  disturbances  can  be  propagated  along  these 
streamlines. 

By  Introducing  Prandtl's  assumption  the  system  takes  a  sinq^ler  form 


Ui 


3Ui 

3Xi 


+  U2 


3Ui 

3X2 


1  _3P. 

P  3Xi 


3P 

3X2 


=  0 


3Ui  3Ui 
3Xi  3X2 
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The  characteristic  system  is  composed  of  ; 

.  streamlines  in  connection  with  a  real  root  ; 

.  normal  lines  to  the  mean  velocity  Ui  (double  real  roots) .  Disturbances  can  be 
propagated  normally  to  the  streamlines 


and  the  pressure  field  becomes  a  given  external  force  which  has  the  same  value  at  any 
point  of  the  normal  characteristic  line. 
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FIG.  3  -  EQUILIBRIUM  PROFILES  OF  VELOCITY  IN  A  FREE  JET 
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FIG.  11  -  TERMS  OF  MASS  ENTRAINMENT  IN  CONDITIONED  EQUATIONS  : 
3(1  -  Y)Ue/3X  +  3(1  -  Y)ve/3y 
WALL  JET  CALCARAZ  &  AL,  24). 
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FIG.  12. a  -  DIRECTION  OF  AMPLIFICATION  AND  OF  CONTRACTION 
OF  THE  TURBULENT  EDDIES  IN  A  SHEAR  FLOW. 
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FIG.  15  -  SHEAR  STRESS  AND  VELOCITY  PRESSURE  CORRELATION 
IN  A  UNIFORM  SHEAR  FLOW 

—  LINEAR  COMPUTATION  (WITHOUT  TRIPLE  CORRELATION) 

APPROXIMATIVE  SHAPE  OF  THE  NON  LINEAR  PART  OF  THE  VELOCITY  PRESSURE  CORRELATION 
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SUMMARY 

Measurements  and  calculations  are  reported  for  the  flow  downstream  of  a  single  row 
of  round  jets  discharging  vertically  into  a  confined  horizontal  cross-stream.  The  mea¬ 
surements  include  mean  axial  velocity  and  scalar  concentration  distributions,  for  pitch- 
to-diameter  ratios  (S/D)  of  2  and  4,  tunnel  heights  (H)  of  4  and  S  jet  diameters  and  a 
jet-to-mainstream  velocity  ratio  of  2.3.  Experimental  results  show  that  no  impingement 
of  the  jets  occurs  on  the  upper  wall  even  for  the  larger  S/D  and  smaller  H/D  values. 

When  S/D  is  reduced  the  jets  quickly  coalesce  laterally  and  this  trend  towards  two-di¬ 
mensional  flow  inhibits  impingement  by  acting  to  depress  jet  trajectories.  Although  jet 
spreading  rates  are  similar  for  both  pitch-to-diameter  ratios,  the  rapid  loss  of  indivi¬ 
dual  jet  identity  for  the  smaller  value,  is  clearly  illustrated  by  qualitative  differen¬ 
ces  in  the  measured  velocity  contour  shapes  on  the  furthest  downstream  cross-plane. 

The  calculated  results  were  obtained  by  solving  the  steady  three-dimensional  ellip¬ 
tic  form  of  the  Reynolds  equations  with  a  two-equation  model  of  turbulence.  The  effect 
of  grid-refinement  is  examined  and  it  is  shown  that  numerical  errors  are  still  evident 
even  for  the  finest  grid  used  (20x20x30  nodes),  but  are  not  dominant  and  do  not  alter  the 
general  characteristics  of  the  predicted  flow  behaviour.  The  effect  of  the  boundary  con¬ 
ditions  in  the  plane  of  the  jet  exit  are  investigated  and  the  results  for  the  lower  pitch- 
to-diameter  ratio  are  shown  to  be  sensitive  to  changes  in  these  conditions.  Comparison 
with  the  measured  data  shows  good  agreement  for  the  larger  pitch-to-diameter  ratio,  but 
only  certain  features  are  well  predicted  for  the  lower  value.  Finally,  calculations  are 
presented  outside  the  range  of  measurements  to  quantify  the  influence  of  the  blockage 
parameter  on  the  flow  development. 


INTRODUCTION 

The  single  jet  in  crossflow  has  been  examined  by  many  investigators  and  a  review  of 
previous  work,  as  well  as  new  measurements,  is  presented  in  reference  1.  The  properties 
of  the  flow  in  and  around  a  row  of  jets  in  crossflow  has  received  1  ess  a t (ent ion  with  re¬ 
ferences  2  and  3  reporting  some  of  the  small  number  of  measurements.  Like  the  opposed 
rows  of  jets  studied  in  reference  4,  the  emphasis  of  these  previous  multiple-jet  inves¬ 
tigations  has  been  on  characteristics  relevant  to  gas-turbine  dilution  systems. 

The  results  presented  here  relate  to  a  single  row  of  jets  in  crossflow  with  pitch- 

to-diameter  ratios  of  2  and  4,  distances  from  the  jet  exit  to  wind-tunnel  roof  of  4  and  0 

jet  diameters  and  a  jet-to-mainstream  velocity  ratio  of  2.3.  Measurements  of  mean  flow 
properties  were  obtained  with  these  arrangements  and  used  to  assess  the  accuracy  of  pre¬ 
dictions  obtained  with  a  mathematical  model  of  the  flow  which  was  subsequently  used  to 
extend  the  range  of  variables  investigated  experimentally. 

The  calculation  method  was  based  on  the  numerical  solution  of  the  steady,  three  di¬ 
mensional  elliptic  form  of  the  Reynolds  equations  and  made  use  of  the  same  computer  pro¬ 

gram  previously  used  in  reference  5  to  calculate  the  properties  of  a  single  jet  in  con¬ 
fined  crossflow.  The  turbulence  was  represented  by  the  two-equation  model  of  reference 
6.  It  is  clear  from  the  previous  investigations  of  references  b,  7  and  0  that  the  num¬ 
ber  and  location  of  grid  nodes  is  limited  by  the  finite  computer  storage  available  and 
can  introduce  significant  numerical  errors.  As  will  be  shown,  the  general  characteris¬ 
tics  of  the  flow  are  essentially  grid  independent  and  are  in  good  agreement  with  measu¬ 
rement  except  for  the  lower  pitch-to-diameter  ratio  case  where  the  turbulence  model  does 
not  reproduce  the  differring  rates  of  vertical  and  lateral  mixing  observed  in  the  measu¬ 
rements.  The  quality  of  the  agreement  is,  however,  sufficiently  good  to  warrant  the  use 
of  the  method  to  investigate  the  influence  of  boundary  conditions  outside  the  range  of 
the  measurements. 

The  remainder  of  the  paper  is  presented  in  four  sections.  The  following  section  des¬ 
cribes  the  experimental  arrangement  and  presents  the  measured  results.  The  calculation 
method,  with  preliminary  grid -d ependency  tests  and  other  computational  details,  is  des¬ 
cribed  in  the  third  section  and  the  calculated  results  are  presented  and  compared  with 
measurements  in  the  fourth.  A  summary  of  the  more  important  conclusions  is  presented  in 
the  final  section. 

FLOW  CONFIGURATIONS  AND  MEASUREMENTS 

The  wind  tunnel  has  a  working  section  of  300  mm  width  and  200  mm  height  with  five 
25.4  mm  holes  located  across  the  span  of  the  floor  with  their  centres  separated  by  50.0 
mm.  The  holes  were  connected  to  0,76  m  long  tubes  which  ensured  fully-developed  flow  and 
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were  located  with  their  centre-lines  0.30  m  downstream  of  a  sandpaper  trip.  The  arran¬ 
gement  is  shown  on  figure  1  which  also  indicates  the  co-ordinate  system  and  some  of  the 
symbols  used  below.  The  tunnel  was  operated  with  a  mean  velocity  which  was  unifortri  over 
90%  of  the  inlet  area  of  the  tunnel  and  equal  to  10.8  m/s.  The  average  velocity  in  each 
pipe  was  24.9  m/s,  corresponding  to  a  Reynolds  number  of  4.24x10'^. 

The  flow  to  the  five  holes,  or  three  when  a  pitch-to-diameter  ratio  of  four  was  re¬ 
quired,  was  generated  by  a  fan  which  passed  the  air  to  a  plenum  chamber  and,  through 
flexible  piping,  to  the  tubes  connected  to  the  holes.  In  the  absence  of  cross-stream 
flow,  mean  velocity  profiles  obtained  across  two  orthogonal  diameters  in  the  exit  plane 
of  each  hole  revealed  maximum  discrepancies  in  the  flow  rates  obtained  by  integration  of 
each  of  the  twenty  profiles  of  less  than  1%.  Comparison  of  the  profiles  revealed  local 
discrepancies  of  not  more  than  6%  of  the  maximum  velocity  value.  In  all  cases,  the  exit 
profile  conformed  to  fully  developed  turbulent  pipe  flow. 

Measurements  of  mean  velocity  were  obtained  with  an  impact  probe  of  external  and  in¬ 
ternal  diameters  1.1  and  0.61  mm  respectively.  A  transducer  and  t ime-averag i ng  voltme¬ 
ter  allowed  reproducibility  of  pressure  measurement  of  better  than  t  1%  for  all  measure¬ 
ments  and  considerably  better  at  the  higher  velocities. 

The  local  concentrations  of  a  trace  of  helium  gas,  injected  into  the  supply  tube  of 
the  central  jet  upstream  of  the  jet  exit,  was  used  to  determine  the  location  of  jet  fluid 
and  was  measured  by  sarr.pling  through  the  impact  probe  used  for  velocity  measurements. 
Values  of  concentration  were  subsequently  determined  with  a  thermal  conductivity  cell. 
Further  details  of  the  main  stream  and  jet  flows,  and  of  the  measurement  systems  can  be 
found  in  references  4  and  9. 

Mean  velocity  and  concentration  contours,  obtained  by  interpolation  from  a  matrix  of 
individual  measurements  are  shown  on  figures  2  to  5  for  ratios  of  duct  height  to  hole 
diameter  of  0  and  4  and  for  pitch-to-diameter  ratios  of  2  and  4.  In  each  of  the  four 
cases,  contours  are  presented  at  locations  four  and  eight  diameters  downstream  of  the 
vertical  plane  containing  the  hole  centre-lines.  The  axial  velocity  measurements  are 
made  non-dimensional  with  the  upstream  free  stream  velocity  and  the  concentration 
data  are  normalised  to  give  datum  valves  of  unity  in  the  jet  exit  and  zero  in  the  free 
stream  . 

Inspection  of  figure  2  shows  that,  as  has  been  observed  before,  the  maximum  velocity 
region  is  not  coincident  with  the  maximum  concentration.  At  40,  the  near-wall  velocity 
contours  show  the  individual  nature  of  the  wakes  behind  the  jets  but  this  is  no  longer 
evident  at  80.  Comparison  of  figures  2  and  3  shows  that,  with  the  present  velocity  ra¬ 
tio,  the  jet  penetrates  slightly  further  into  the  freestream  with  the  larger  duct  height 
but,  by  the  80  location,  and  for  both  H/D  values,  has  been  turned  parallel  to  the  wall 
without  impingement  of  the  core  of  the  jet  fluid.  Otherwise  the  two  flows  are  similar 
and  in  considerable  contrast  with  those  obtained  with  a  pitch-to-diameter  ratio  of  4, 
figures  4  and  5,  where  the  individual  nature  of  the  jets  is  apparent  both  at  40  and  60 
and  the  jet  penetration,  due  to  the  reduced  lateral  mixing,  is  somewhat  greater.  The 
velocity  maximum  still  tends  to  be  associated  with  acceleration  of  the  freestream  rather 
than  with  the  jet  fluid.  Superposition  of  tracer  gas  from  each  jet  would,  as  expected, 
lead  to  regions  of  low  concentrations  in  the  gap  between  the  holes  only  for  the  higher 
pitch-to-diameter  case,  further  illustrating  the  ability  of  the  free  stream  to  penetrate 
between  the  jets  in  the  S/D=4  case,  but  not  for  S/0=2. 
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The  numerical  scheme  previously  employed  in  reference  5  and  described  in- greater  de¬ 
tail  ir.  reference  10  was  used  to  solve  the  three-dimensional  forms  of  the  above  six  cou¬ 
pled  partial  differential  equations.  The  f i n i te -d i f f erence  formulation  comprises  a  li¬ 
nearised,  implicit,  conservative  scheme  using  central  differencing  except  in  regions 
where  mean-flow  convective  fluxes  dominate  diffusive  processes  where  upwind  differencing 
is  used.  The  method  is  formulated  in  terms  of  velocity  and  pressure,  with  a  staggered 
grid  dM-atigement  and  a  guess  and  correct  procedure  to  obtain  the  correct  pressure  fielc'. 

The  solution  domain  for  the  present  problem  may  be  represented  by  a  rectangular  box 
whose  upper  and  lower  walls  coincide  with  the  roof  and  floor  of  the  wind  tunnel)  bounda¬ 
ry  conditions  along  these  solid  walls  employed  the  usual  wa 1 1 -f unct ion  approach,  see 
Launder  and  Spalding,  reference  11.  Assuming  an  infinitely  long  row  of  holes,  the  flow 
is  symmetric  about  vertical  planes  through  a  hole  centre  (hereafter  referred  to  as  the 
centre-plane)  and  through  the  line  bisecting  the  space  between  two  holes  (hereafter  cal¬ 
led  the  mid-plane):  the  second  symmetry  boundary  condition  is  in  contrast  to  that  for  a 
single  jet  in  cross  flow.  The  upstream  boundary  condition  corresponded  to  the  measured 
mean  axial  velocity  profile  at  X/D=-5.5  with  the  cross-stream  velocity  components  presu¬ 
med  zero  and  k  and  e  determined  assuming  a  turbulence  intensity  of  one  per  cent  and  a 
length  scale  equal  to  the  duct  height)  the  results  obtained  here  were  found  by  numerical 
experiment,  to  be  insensitive  to  these  assumptions  and  the  location  of  the  upstream  plane. 
A  similar  approach  was  taken  with  the  downstream  boundary  condition  where  the  axial  gra¬ 
dients  of  the  five  dependent  variables  were  assumed  zero  the  influence  of  the  position 
where  this  assumption  was  imposed  was  evaluated  by  comparing  results  for  the  downstream 
boundary  located  progressively  further  away  from  the  jets.  This  boundary  condition  was 
eventually  assigned  at  X/D=12.5  and  had  no  influence  on  the  results  presented. 


The  final  boundary  condition  which  needs  to  be  described  here  is  that  imposed  over 
the  jet  exit  plane.  Apart  from  some  special  treatment  necessary  in  the  regions  where 
the  semi-circular  hole  boundary  bisected  the  rectangular  finite-difference  control  volume 
surface  areas,  two  types  of  boundary  conditions  were  tested.  The  first,  and  simplest, 
form  assumed  the  efflux  velocity  (Vj)  to  be  constant  over  the  hole,  with  zero  U  and  W 
velocities  and  k  and  e  calculated  from  a  turbulence  intensity  of  one  per  cent  and  a 
length  scale  equal  to  the  jet  diameter.  Since  it  is  known  (see,  for  example  references 
12,  13)  that  the  flow  within  the  hole  is  distorted  due  to  the  strong  pressure  gradients 

which  are  set  up  over  the  jet  exit  plane,  the  constant  velocity  type  of  boundary  condi¬ 
tion  is  unnecessarily  crude  and  an  alternative  condition  was  also  tested  by  invoking  the 
assumption  that  the  velocity  profile  across  the  injection  hole  is  consistent  with  a 
constant  total  pressure  condition,  a  feature  of  jets  in  crossflow  which  was  noticed  by 
Bergeles  (reference  12)  in  his  experiments  at  low  velocity  ratios  where  the  distortion 
is  strongest.  Starting  a  calculation  with  zero  static  pressures  everywhere  within  the 
flow  field  and  a  constant  jet  velocity  (V,)  enables  the  total  pressure  to  be  calculated 
initially  (Ptot*^  pVj2),on  subsequent  iteration  cycles,  the  static  pressure  over  the  ho¬ 
le  has  changed  and  this  then  enables  the  vertical  velocity  profile  within  the  hole  to 
be  updated,  using  the  equation  : 


P  «  P 
^tot  '  stat 


1/2  py2 


An  additional  constraint  is  that  the  total  mass  flow  from  the  hole  should  be  the  same  as 
in  the  constant  velocity  case. 


The  velocity  profile  produced  using  this  treatment  over  the  jet  exit  is  compared  on 
the  centre-plane  for  S/D=2,  H/D=4  in  figure  6  to  the  profile  measured  by  Andreopoulos 
(reference  13),  The  data  of  reference  13  were  not  taken  in  exactly  the  same  configura¬ 
tion,  but  were  measured  in  a  single  jet  in  crossflow  at  a  slightly  lower  velocity  ratio 
of  2.0  and  with  a  jet  fed  from  a  plenum  chamber  rather  than  through  long  supply  tubes. 
Nevertheless  the  qualitative  trend  is  reproduced  of  a  low  velocity  at  the  front  of  the 
jet  and  a  higher  than  bulk  mean  velocity  at  the  rear  edge)  the  predicted  shape  is  not 
in  good  agreement  showing  the  maximum  velocity  too  near  the  rear  of  the  hole,  however 
this  boundary  condition  certainly  produces  a  profile  closer  to  the  measured  shape  than 
a  constant  velocity  condition.  For  the  other  variables  in  this  second  type  of  boundary 
condition,  U  and  W  were  still  set  to  zero  (as  implied  by  the  above  equation),  but  the 
boundary  conditions  on  the  turbulence  quantities  were  made  more  realistic  since  it  was 
known  that  the  length  of  the  jet  supply  pipes  allowed  fully-developed  flow  to  form)  ac¬ 
cordingly  the  turbulence  intensity  level  which  fixed  the  k  value  in  the  jet  exit  was  rai¬ 
sed  to  7  per  cent  a  value  representing  the  area  averaged  turbulence  level  in  fully  deve¬ 
loped  pipe-flow,  the  jet  diameter  was  s\till  used  as  the  length  scale  in  calculating  e. 

In  the  next  section  results  will  be  p('esented  which  were  obtained  with  a  finite- 
difference  grid  consisting  of  20x20x30  nodes  (in  the  y,  z,  x  directions  respectively). 
Non-uniform  spacing  was  used  in  an  attempt  to  cluster  grid  nodes  in  regions  where  rapid 
variations  were  expected.  Because  of  the  relatively  small  dimensions  of  the  solution 
domain  in  the  y-z  plane,  it  was  decided  to  use  uniform  spacing  in  these  directions  but 
finer  grid  spacing  was  adopted  in  the  axial  direction  near  the  hole  and  increased  geome¬ 
trically  in  the  up-and  downstream  directions)  for  the  S/D'A  calculation,  a  total  of  16 
nodes  lay  within  the  half-hole  inside  the  solution  domain  and  this  number  increased  to 
35  for  S/D*2.  Because  of  the  complex  three-dimensional  flow  field  and  the  use  of  upwind 
differencing,  which  is  known  to  introduce  numerical  diffusion  errors  on  coarse  grids, 
it  is  necessary  to  investigate  how  grid  independent  are  the  solutions  to  be  presented. 

The  grid-dependence  results  are  shown  on  figure  7  in  the  form  of  axial  velocity  profiles 
on  the  centre-plane  for  S/D=4,  H/D=4.  It  can  be  seen  that  the  solutions  are  particular¬ 
ly  sensitive  to  changes  in  the  grid  size  in  the  close  to  discharge  region)  this  is  most 
apparent  in  the  growth  of  the  wake  region  behind  the  jet.  This  does  not  extend  to  the 
X/D«4  location  in  the  coarse  grid  case  but  shows  an  appreciable  negative  velocity  region 
with  the  finest  grid  run.  In  addition,  noticeable  peaks  in  the  maximum  axial  velocities 
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at  X/Q*2,4  start  to  appear  as  the  grid  is  refined.  Both  these  features  are  symptomatic 
of  a  reduction  in  numerical  diffusion  which  tends  to  smear  out  peaked  profiles  and  leads 
to  additional  diffusion  of  momentum  from  high  momentum  to  low  momentum  regions  and  thus 
causes  a  "filling  in"  of  wake  regions.  Although  it  can  be  presumed,  on  the  evidence  of 
figure  7,  that  the  addition  of  extra  nodes  in  the  near  discharge  region  would  have 
brought  about  still  further  changes  in  the  profiles,  it  can  also  be  seen  from  figure  7 
that  the  solutions  downstream  of  X/D=4  are  not  very  dependent  on  the  grid  size,  so  that 
trends  observed  in  the  results  at  these  locations  are  not  strongly  influenced  by  numeri¬ 
cal  errors.  Further  grid  refinement  was  impossible  as  the  20x20x30  calculation  employed 
the  maximum  accessible  core-store  on  the  IBM  360/195  machine  used.  A  typical  calcula¬ 
tion  involved  300  iterations  to  converge  using  1200  K  bytes  of  core  store  and  about  80 
minutes  CPU  time. 


Figure  8  indicates  that  the  two  jet  exit  boundary  conditions  yield  very  similar  re¬ 
sults  for  the  S/D=4,  H/D=4  configuration.  The  distortion  of  the  exit  velocity  produced 
in  the  constant  total  pressure  case  was  such  that  the  jet  velocity  was  decreased  at  the 
leading  edge  and  in  the  front  portion  of  the  hole  by  about  20%  from  its  mean  value  (lo¬ 
west  velocity  *  20  m/s  and  increased  at  the  edge  of  the  hole  and  towards  the  rear  by 
about  the  same  amount  (maximum  velocity  ^  30  m/s).  This  distorted  profile  produces  dif¬ 
ferent  values  of  the  local  strain  rates  which  were  observed  to  be  higher  in  the  constant 
total  pressure  casej  these  larger  velocity  gradients  generate  more  turbulence  and  hence 
lead  to  larger  values  of  the  turbulent  viscosity  than  in  the  solution  assuming  constant 
jet  velocity.  Consequently  the  axial  velocity  profiles  show  a  smaller  wake  region  and  a 
slightly  decreased  penetration  of  the  jet  (more  rapid  diffusion  of  the  vertical  momentum) 
for  the  constant  total  pressure  condition. 

It  was  a  Iso  conf irmed  that  the  higher  levels  of  turbulence  energy  are  produced  predo¬ 
minantly  by  this  extra  generation  effect  described  above  and  not  due  to  the  increased 
level  of  turbulence  energy  in  the  jet  used  in  the  constant  total  pressure  condition. 

The  same  observations  hold  for  the  changes  produced  by  altering  the  jet  exit  conditions 
for  the  case  of  a  pitch-to-d iameter  ratio  of  2,  but  now  the  effects  are  larger.  Figure 
9a  presents  the  axial  velocity  profiles  at  four  locations  downstream  of  the  discharge 
plane  for  the  centre-plane  and  figure  9b  similar  results  for  the  mid-plane  conditions. 

In  the  case  of  constant  jet  velocity,  the  lateral  mixing  is  not  rapid  enough  to  prevent 
the  free-stream  penetrating  between  the  jets,  although  some  distortion  of  the  profile 
can  be  observed  in  the  appearance  of  wake-regions  on  the  mid-plane  at  X/D  =  4  and  8)  the 
centre-plane  profiles  exhibit  however  the  same  inverted  S-shape  as  was  observed  in  the 
S/D*4  calculations.  The  imposition  of  the  constant  total  pressure  condition  produces 
a  markedly  different  behaviour.  The  increased  strain-rates  induced  by  the  distorted 
jet  exit  profile  (the  efflux  velocity  variations  are  approximately  the  same)  are  enhan¬ 
ced  now  by  the  proximity  of  the  jets.  The  additional  mixing  enables  the  jets  to  coalesce 
rapidly  in  the  lateral  direction  as  can  be  seen  from  the  nearly  identical  shapes  of  the 
profiles  at  X/D=4  on  centre-plane  and  mid-plane.  This  trend  towards  a  two-dimensional 
jet  implies  that  the  free-stream  can  no  longer  penetrate  the  gaps  between  the  holes  and 
must  be  accelerated  over  the  jets,  causing  the  maximum  axial  velocity  to  lie  nearer  the 
upper  wall  in  the  constant  total  pressure  case.  The  additional  turbulent  mixing  has  also 
caused  the  wake  region  behind  the  jets  to  become  very  muoh  smaller  (it  lies  completely 
upstream  of  X/D=2)  and  the  inverted  S-shape  profile  is  no  longer  observed.  The  sensiti¬ 
vity  of  the  calculations  to  the  usually  unknown  profiles  at  the  jet  exit  for  low  values 
of  the  pitch  to  diameter  ratio  is  an  undesirable  feature  which  will  be  returned  to  in  a 
later  section. 


It  must  be  stressed  however  that  these  changes  in  the  solution  have  not  been  brought 
about  due  to  any  change  in  the  effective  momentum  flux  ratio  or  velocity  ratio  (jet  to 
freestream)  implied  by  the  switch  from  one  boundary  condition  to  the  other.  An  evalua¬ 
tion  of  the  momentum  mean  velocity  in  the  jet  using  the  constant  total  pressure  condition 
( ^  showed  that  the  effective  velocity  ratio  had  only  increased  by  about 


one  per  cent  from  the  value  of  2.3  used  in  the  constant  velocity  boundary  condition  cal- 
cu lat ion . 


COMPARISON  14ITH  MEASUREMENTS 

Figures  10  to  12  present  comparisons  between  predicted  and  measured  axial  velocity 
profiles  on  the  centre-plane  for  four  cross-stream  planes  X/D=4,  6,  8  and  ID  and  for 
three  combinations  of  duct  height  to  diameter  and  pitch-to-diameter  ratiosi  at  two  pla¬ 
nes,  X/D=4  and  8,  a  comparison  is  also  presented  for  the  profiles  on  the  mid-plane.  The 
results  in  all  cases  were  obtained  with  the  constant  total  pressure  boundary  conditions 
In  figure  10  the  case  of  S/D  =  2,  Fl/D  =  4  shows  the  worst  agreement  in  that  the  shape  of  the 
profile  is  incorrectly  predicted  at  X/0  =  4,  although  the  close  to  two-dimensionality  of 
the  flow  is  correctly  predicted.  The  measurements  still  exhibit  the  inverted  S-shape  at 
X/D=4,  although  in  this  low  pito h-to-diameter  ratio  case  this  has  all  but  disappeared  by 
X/D=8;  it  persists  in  the  other  cases  at  the  furthest  downstream  stations (see  figures 
11,  12).  The  increased  rate  of  mixing  in  the  calculations  is  unlikely  to  be  caused  pre¬ 
dominantly  by  numerical  diffusion  since  it  was  brought  about  by  a  change  in  boundary  con¬ 
ditions  with  a  fixed  grid.  It  is  more  probable  then  that  the  turbulence  model  has  mere¬ 
ly  overestimated  the  level  of  mixing  causing  one  beneficial  effect  (stronger  lateral  mi¬ 
xing  produces  a  jet  coalescence  and  two-dimensional  flow  as  in  the  measurements)  and  one 
negative  effect  (stronger  vertical  mixing  causes  the  wake  region  to  shrink  and  the  inver¬ 
ted  S-shape  profile  to  disappear  much  more  rapidly  than  in  the  measurements).  It  is  im¬ 
possible  to  separate  these  two  effects  with  the  present  level  of  turbulence  closure  which 
uses  a  scalar  eddy  viscosity  and  hence  increased  lateral  mixing  must  be  accompanied  by 
increased  vertical  mixing.  It  must  also  be  said,  however,  that  the  sensitivity  to  the 
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jet  exit  boundary  conditions  for  this  case  calls  into  question  the  validity  of  the  as¬ 
sumptions  made  in  implementing  the  constant  total  pressure  condition  (particularly  the 
assumption  that  the  U  and  M  velocities  are  both  zero).  It  would  be  interesting  to  un¬ 
dertake  a  more  accurate  treatment  of  the  exit  profile  specification  by  performing  also 
a  calculation  of  the  flow  within  the  jet  supply  pipe  which  could  interact  with  the  jet:^ 
in  crossflow  solution  to  produce  (after  several  repeated,  linked  calculations)  a  set  of 
conditions  at  the  jet  exit  plane  (which  would  be  common  to  both  calculations)  consistent 
with  the  approaching  jet  flow  distorting  in  response  to  the  conditions  in  the  wind-tunnel, 
but  without  some  of  the  simplifications  used  in  the  present  work.  This  technique  has 
been  used  successfully  in  reference  0  for  a  single  jet  in  crossflow  but  is  obviously 
more  necessary  in  the  case  considered  in  figure  10  as  the  discussion  in  the  last  section 
on  sensitivity  to  jet  boundary  conditions  indicated.  Examination  of  the  profiles  for 
S/D=2,  H/D=4  reveals  a  discrepancy  in  mass  flow  rates  between  measurements  and  calcula¬ 
tions  (seen  most  clearly  at  X/D=6),  This  is  due  to  the  assumed  value  of  free-streami  ve¬ 
locity  used  in  the  ca  Iculationsi  subsequent  checks  indicated  that  for  this  flow  U„ 
had  been  somewhat  lower,  and  hence  the  velocity  ratio  had  assumied  a  slightly  higher  value 
of  2,6.  Thus,  in  this  case,  it  may  also  be  noted  that  the  lack  of  correspondence  between 
measurements  and  calculations  at  the  downstream  stations (but  not  upstream)  is  almost  en¬ 
tirely  due  to  this  mass-flow  discrepancyi  fortunately  this  did  not  occur  in  the  other 
cases  measured  where  the  free-stream  velocity  was  confirmed  to  be  constant  at  1C. 8  m/s. 

The  effect  of  increasing  jet  spacing  is  shown  in  figure  11  and  the  agreement  between 
predictions  and  calculations  is  satisfactory.  The  free-stream  penetration  through  the 
gaps  can  be  clearly  seen  in  both  predicted  and  measured  mid-plane  profiles  on  X/D=4  and 
8  and  the  shape  of  the  centre-plane  profile  is  predicted  correctly.  This  inverted  S-sha- 
pe  is  typical  of  the  strongly  three-dimens ional  flow  generated  by  rows  of  jets  in  confi¬ 
ned  cross  flowj  the  vertical  flow  structure  takes  on  a  three-layered  nature  with  the  ac¬ 
celeration  of  the  free-stream  causing  the  upper  velocity  peak,  the  wake  behind  the  jets 
causing  the  central  low  velocity  region  and  the  re-developing  boundary  layer  on  the  bot¬ 
tom  wall  representing  the  fluid  sucked  into  the  low  pressure  region  behind  the  holes  but 
not  totally  entrained  by  the  jets  themselves.  The  peak  in  velocity  caused  by  free-strfflm 
acceleration  is  underpredicted  at  X/D=4.  It  is  possible  that  this  local  peak  has  been 
smeared  out  by  numerical  diffusion  errors  in  the  upstream,  near-discharge  region,  al¬ 
though  it  is  believed  that  the  general  shape  of  the  profile  is  not  adversely  affected  by 
this  problem.  The  rate  at  which  the  profile  flattens  out  in  the  vertical  direction  as 
we  proceed  from  X/D*4  to  10  is  well  predicted,  being  if  anything  slightly  too  slow. 

Figure  12  allows  comparisons  for  the  case  where  H/D  is  increased  to  8  at  a  constant 
pitch-to-diameter  ratio  of  4,  Once  again,  the  inability  to  resolve  local  peaks  can  be 
identified  at  X/0*'4  and  6  and  this  is  almost  definitely  due  to  numerical  diffusion  errors 
since  a  uniform  grid  distribution  in  the  vertical  direction  with  only  20  points  is  cer¬ 
tainly  not  suitable  for  this  flow  which  remains  within  Y/0=4  over  the  whole  downstream 
distance,  A  comparison  of  the  location  of  the  velocity  maxima  with  figure  10  indicates 
slightly  greater  jet  penetration  which  is  to  be  expected  for  an  increase  in  H/D.  Once 
more  the  overall  rate  of  smoothing  out  of  the  vertical  profiles  with  increasing  down¬ 
stream  distance  is  fairly  well  predicted. 

Finally,  on  figures  13a  and  13b  the  effect  of  decreasing  the  tunnel  height  to  an 
H/0  value  of  2  is  quantified  using  calculated  results.  The  profiles  on  the  centre-plane 
may  be  compared,  figure  13a,  with  the  predicted  results  for  H/D=4  and  figure  13b  compa¬ 
res  the  same  two  configurations  for  the  profiles  at  an  off  centre-plane  location  (Z/D= 
S/4),  That  impingement  has  occurred  can  be  clearly  seen  at  X/D=2  where  the  maximum  ve¬ 
locity  has  risen  above  the  Y/0=2  level  in  the  case  of  H/D=4,  but  this  is  of  course  im¬ 
possible  when  the  tunnel  roof  is  brought  down  to  H/D=^2.  Jet  bifurcation  occurs  when 
the  wake  region  itself  impinges  on  the  upper  wall  downstream  of  X/D=4  causing  an  enhan¬ 
cement  of  the  secondary  flow  in  the  cross-stream  plane  which  results  in  a  stronger  ten¬ 
dency  to  two  dimensionality  in  the  case  of  H/D=2  and  the  maximum  velocities  to  lie  near 
the  bottom  wall  and  at  off  centre-plane  locations.  At  a  velocity  ratio  of  2,3  however, 
even  with  the  upper  wall  at  20  distance  impingement  occurs  some  distance  downstream  of 
the  discharge  plane  and  is  not  strong  enough  to  cause  backflow  velocities  near  the  up¬ 
per  wall  as  observed  in  the  single  jet  case  of  references  3  and  5  at  higher  velocity 
ratios. 


C0(yCLUSI0NS 

The  main  conclusions  drawn  from  the  present  work  are  as  follows  : 

1)  Measurements  of  a  single  row  of  jits  in  confined  crossflow  indicated  that  for  a  velo¬ 
city  ratio  of  2.3  no  impingement  occurs  for  duct  heights  of  80  and  4D,  even  for  a 
pitch-to-diameter  spacing  o-'  4D . 

2)  The  effect  of  reducing  S/D  from  4  to  2  could  be  clearly  identified  in  the  measurements 
by  a  rapid  lateral  coalescence,  loss  of  individual  jet  identity  and  the  appearance 

of  a  practically  two-dimensional  flow. 

3)  Calculations  using  a  20x20x30  finite-difference  grid  and  a  two-equation  turbulence 
model  were  found  not  to  be  grid-independent  in  the  near-discharge  region  (0<X/Di4) 
but  results  further  downstream  were  not  strongly  affected  by  nurnerical  errors. 

4)  The  rapid  jet  coalescence  and  trend  toward  two-dimensional  flow  behaviour  were  pre- 
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dieted  in  the  lower  pitch-to-diameter  ratio  case  only  when  a  constant  total  pressure 
boundary  condition  was  used  at  the  jet  exit.  In  this  calculation  it  is  also  believed 
that  the  turbulence  model,  whicn  uses  a  scalar  eddy  viscosity,  was  overestimating  the 
rate  of  mixing  in  the  vertical  direction  causing  the  profile  shapes  in  the  near- 
field  to  be  wrongly  predicted, 

5)  The  calculation  for  the  S/D=2  flow  was  shown  to  be  very  sensitive  to  the  boundary  con¬ 
ditions  at  the  jet  exit  and  more  work  is  required  here  to  investigate  a  method  for 
calculating  these  boundary  conditions  more  accurately. 

6)  The  calculated  results  for  the  larger  pitch-to-diameter  ratio  case  were  in  good  agree¬ 
ment  with  the  measurements  for  both  H/D  ratios  measured,  apart  from  the  failure  to 
resolve  the  locally  peaked  shape  of  the  velocity  profile  in  the  near-field  that  was 
probably  mainly  due  to  numerical  diffusion  problems, 

7)  A  lowering  of  the  tunnel  roof  to  a  height  of  2  jet  diameters  produced  impingement  of 
the  jets  which  could  be  clearly  identified  in  the  calculated  results.  The  impingement 
even  at  this  H/D  value  was  however  fairly  far  downstream  and  the  solution  indicated  no 
region  of  reverse  flow  near  the  tunnel  roof. 
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Figure  4  Velocity  and  concentration  contours  at  two 
downstream  positions  for  fuct  height  4D  and 
pitch-to-diameter  ratio  of  four 
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Figure  5  Velocity  and  concentration  contours  at  two 
downstream  positions  for  duct  height  00  and 
pitoh-to-diameter  ratio  of  four 


Figure  6  Jet  exit  velocity  profile 
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Figure  7  Tests  for  grid  dependence 
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Figure  9a  Effect  of  boundary  condition  at  jet  exit, 
axial  velocity  profiles  on  centre-plane 
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Figure  12  Velocity  profiles  along  centre-plane  and  mid 
plane  for  duct  height  BD  and  jet  spacing  4D 
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SUMMARY 

The  first  part  of  the  investigation  was  concerned  with  the  developnent  of  a  let  energing  fron  a  full 
span  narrow  slit  at  the  trailing  edge  of  a  thin  aero^'oil  in  a  wind  tunnel.  The  jet  could  therefore  be 
regarded  as  two-dimensional.  Three  angles  of  jet  inclination  to  the  main  flow  ivere  tested  (10°,  20°  and 
30°)  and  two  values  of  the  ratio  of  the  undisturbed  stream  velocity  to  the  jet  exit  velocity  (0.21  and 
(0.33).  For  the  second  part,  half  the  slit  was  blocked  resulting  in  a  finite  span  jet  with  a  streamwise 
edge,  and  the  developnent  and  'rolling  up'  of  the  edge  region  was  studied  for  a  jet  inclination  angle  of 
30°.  The  measurements  covered  mean  flow  and  turbulence  characteristics. 

The  mean  velocity  distributions  in  the  two-dimensional  jets  showed  a  ready  tendency  to  similarity 
with  distance  downstream  fron  the  jet  exit,  but  the  turbulence  characteristics  in  the  upper  and  lower 
halves  showed  significant  differences  consistent  with  the  known  effects  of  streamline  curvature.  The 
finite  jet  assumed  a  dumb-bell  shape  in  section,  the  edge  region  growing  inwards  with  distance  downstream. 
There  were  significant  differences  between  the  mean  velocity  and  streamwise  vorticity  distributions  and 
their  peaks  followed  markedly  different  loci. 


1 .  INTRODUCTION 

Over  a  period  of  nearly  tvw)  decades  investigations  have  been  made  into  the  characteristics  of  planar 
or  'two-dimensional'  turbulent  jets  in  a  co-flowing  stream  at  Oueen  Mary  College,  London,  beginning  with 
the  work  of  Bradbury.  The  earlier  work  was  concerned  with  the  case  where  the  jet  was  directed  parallel  to 
the  direction  of  the  undisturbed  external  airstrean,  and  this  work  has  been  described  in  Ref.  1,  2,  3  and  4. 
More  recently  we  have  directed  our  attention  to  the  case  where  the  jet  is  initially  at  an  angle  (e)  to  the 
undisturbed  external  stream  direction.  Feik  (Ref.  5)  examined  the  jet  flow  developnent  with  e  *  lh°  and 
20°,  and  later  Pontikis  (Ref.  6)  investigated  the  flov/  with  e  =  30°.  Further,  by  blocking  part  of  the  slit 
from  which  the  Jet  emerged  at  the  rear  of  a  thin  aerofoil  Pontikis  extended  his  investigation  to  the 
streamwise  edge  region  of  the  jet  with  e  =  30°. 

This  work  on  inclined  jets  is  the  subject  of  this  paper.  Its  practical  interest  lies  ir  the  use  of 
jet  flaps  and  blown  flaps  for  STOL  applications,  hut  it  also  presents  features  of  fundamental  fluid 
dynamic  interest,  not  least  being  the  effects  of  streamwise  curvature  on  the  turbulence  characteristics 
of  the  jet.  In  what  follows  we  find  it  convenient  to  refer  to  the  unblocked  jet  as  the  'two-dimensional 
jet'  and  the  partially  blocked  jet  as  the  'three-dimensional  jet'.  Except  where  otherwise  indicated,  the 
results  for  9  =  30°  are  used  to  illustrate  the  main  features  of  the  deflected  jet  flow  where  they  are 
similar  for  all  three  deflection  angles  tested. 

2.  EXPERIMENTAL  DETAILS 

2.1  The  two-dimensional  jet, 

The  experiments  were  made  in  a  wind  tunnel  of  working  section  1.24  m  x  1.00  m  in  which  the  free 
stream  turbulence  level  was  0.03'^.  The  model  is  illustrated  in  Fig.  1.  It  consisted  of  a  thin  hollow 
wing  of  chord  71  cm  spanning  the  tunnel  with  a  nozzle  along  its  trailing  edge  between  two  false  side-walls 
46  cm  apart.  Air  passed  from  a  blower  into  a  settling  chamber  and  thence  into  the  wing  where  it  was 
turned  by  guide  vanes  to  emerge  from  the  trailing  edge  nozzle  as  a  planar  jet.  The  initial  deflection 
relative  to  the  main  stream  dii-ectinn  was  achieved  by  suitably  shaping  the  nozzle.  For  deflection  angles 
of  10°  and  20°  single  stage  nozzles  were  used  hut  for  the  deflection  of  30°  it  was  found  desirable  to  use 
a  two  stage  nozzle  (10°  +  20°),  see  Fig.  1.  This  was  done  to  minimise  the  extent  of  flow  separation  from 
the  upper  surface  of  the  nozzle  and  to  ease  the  milling  of  the  nozzle  contours.  The  final  slot  width 
varied  slightly  between  0.307  cm  and  0.318  cm  over  the  span.  To  avoid  a  leading  edge  separation  bubble 
associated  with  the  30°  jet  deflection  the  nose  of  the  wing  was  drooped  as  illustrated  in  Fig.  1.  The 
droop  required  was  estimated  by  means  of  the  jet  flap  theory  of  Spence  (Ref.  7)  and  its  effectiveness  was 
confirmed  by  the  observed  behaviour  of  wing  surface  tufts. 

The  undisturbed  free  stream  velocity  (U,„)  used  for  these  tests  was  12  m/s  and  two  jet  exit  velocities 
(Uj)  were  tested  corresponding  to  values  of  uyUj  =  0.21  and  0.33.  Initial  calihratinn  tests  showed  the 

velocity  in  the  jet  at  the  nozzle  exit  to  be  uniform  'dth  a  turbulence  intensity  of  0.011  over  about  2/3 
of  the  nozzle  width  (h),  the  remaining  third  being  occupied  by  the  Internal  boundary  layers  of  the  nozzle. 
Along  the  span  the  total  pressure  was  found  to  be  uniform  apart  from  the  internal  boundary  layers. 


*  Now  in  the  Department  of  Aeronautics,  Imperial  College,  University  of  London. 
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All  the  measurenents  were  otherwise  nade  In  the  nid-span  longitudinal  plane  in  the  forri  of  vertical 
traverses  across  the  jet  and  surrounding  free  stream  at  stations  from  near  the  jet  exit  to  about 
120  nozzle  widths  dotwistrean.  Quantities  measured  were  total  and  dynamic  pressures,  using  pitot  and 
static  probes,  mean  velocity  components  (U,V)  and  the  three  Reynolds  stresses  u?,  v?  and  uv  using  single 
and  cross  hot  wires.  To  minimise  alignment  errors  the  traversing  probes  were  set  parallel  to  the 
direction  of  the  maximum  velocity  locus  in  the  jet  for  each  station.  This  locus  was  determined  in 
preliminary  tests.  The  notation  used  is  illustrated  in  Fig.  2. 

2.2  The  three-dimensional  jet. 

The  model  was  that  of  the  two-dimensional  tests  with  the  deflection  angle  0  =  3n°  but  with  the  nozzle 
exit  blocked  over  half  its  span,  see  Fig.  3.  In  this  case,  therefore,  the  exit  slot  had  an  aspect  ratio 
(span/width)  of  about  72.  The  spanwise  position  of  any  traverse  is  denoted  by  S,  where  S  is  non-dimensional 
in  terms  of  the  open  exit  span  (usually  quoted  as  a  percentage),  thus  S  =  100%  denotes  the  position  where 
the  blockage  started  and  the  jet  ended. 

Only  one  jet  velocity  was  tested  corresponding  to  U^/Uj  =  0.21.  The  traverses  were  made  with  the 
same  probes  as  before  and  provided  the  total  and  dynami c^pressures ,  the  mean  velocity  components  (U,V,W) 
and  the  five  turbulent  Reynolds  stresses,  namely  u2,  v2,  W,  uv  and  uw  (the  Z  axis  lies  parallel  to  the 
trailing  edge,  see  Fig.  3).  As  before  the  measurements  were  made  for  a  series  of  streamwise  stations  (X) 
ranging  from  close  to  the  nozzle  exit  to  120  nozzle  widths  downstream,  but  in  each  traverses  were  made  for 
values  of  S  ranging  from  about  20%  to  about  100%. 

3.  RESULTS  ANO  OISCUSSION 

3.1  The  two-dimensional  jet.  Mean  Quantities. 

3.1.1  Velocities,  jet  thicknesses  and  momentum  flux. 

The  maximum  velocity  loci  which  define  the  shapes  or  the  centre-lines  of  the  jets  are  shown  in  Fig.  4 
for  the  combinations  of  e  and  U^/Uj  tested.  Not  unexpectedly,  the  loci  curve  more  readily  back  towards 
the  main  stream  direction  with  "increase  in  U  /U.. 

“  J 

Fig.  5  shows  the  velocity  traverses  adjacent  to  the  jet  at  various  streamwise  stations  ror  e  =  30° 
and  the  two  values  of  U^/Uj  tested.  U^^^  is  the  resultant  velocity  at  a  point  and  is  the  value  of 

Ures  the  particular  profile  at  large  negative  values  of  \/«.  Vl  the  vertical  distance  (positive 
upwards)  from  the  Jet  centre-line  (see  Fig.  2),  6  is  a  measure  of  the  jet  thickness  and  its  definition  is 
also  illustrated  in  Fig.  2.  Thus,  the  local  free  stream  velocities  just  above  and  below  the  jet  are 
denoted  by  respectively,  and  the  maximum  velocity  in  the  jet  is  denoted  by  We  then  write 

^l=‘'m-''er  ‘'02'“m-'42'  (1) 


For  the  upper  half  of  the  jet  we  write 

=  value  of  where  •J  "  *  '^01'^^’ 

and  for  the  lower  half  of  the  jet 

=  value  of  where  U  -  11^2  = 


and  we  define 


2«  =  +  S^. 


We  see  in  Fig.  5  evidence  of  the  wakes  of  the  boundary  layers  from  the  upper  and  lower  wing  surfaces 
adjacent  to  the  jet.  The  wake  from  the  upper  surface  is  quite  strong  initially  as  a  result  of  some  flow 
separation  over  the  convex  upper  surface  of  the  nozzle.  However,  for  X/h  =  37.5  and  beyond  this  wake  has 


been  absorbed  in  mixing  with  the  jet  when 


For  the  lower  surface  the  boundary  layer  wake 


is  much  smaller  and  is  more  rapidly  absorbed.  '  I’ith  =  0.33  the  jet  is  relatively  I'eaker  and  the 

upper  surface  separation  is  more  marked,  sore  evidence  of  the  wake  is  still  to  be  seen  at  X/h  =  57.8  and 
the  lower  surface  wake  is  also  slower  in  being  absorbed. 

Fig.  6  presents  normalised  forms  of  the  velocity  profiles  for  e  =  30°,  i.e.  (II  -  Uen)/'*0n  a 

function  of  y/S,  where  y  is  the  distance  normal  to  the  maximum  velocity  locus  and  n  =  1,2  for  the  upper 
and  lower  halves  of  the  jet,  respectively.  The  corresponding  profile  for  Bradbury's  undeflected  jet  is 
shown  for  comparison  by  the  solid  line.  I'e  note  the  remarkable  tendency  towards  similarity  in  spite  of 
the  jet  inclination  even  for  traverses  quite  close  to  the  jet  exit  where  there  is  still  evidence  of  the 
unahsorbed  wing  surface  wakes.  However,  we  must  bear  in  mind  the  differences  between  llgi  and  Ug2  as  well 
as  between  ■ij  and  s,  and  these  are  illustrated  in  Fig.  7  and  8  for  fl  =  30°  as  functions  of  s/h,  where  s  is 
the  distance  along  the  jet  centre-line  from  the  nozzle  exit.  The  facts  that  initially  Ueg  >  Ugi  and 
a.  >  ^2  result  from  the  strong  wing  upper  surface  wake  associated  with  the  flow  separation  over  the  nozzle, 
but  further  downstream  Ugg  <  llg-j,  as  might  be  expected,  and  4^  ^  the  reason  for  which  we  will  discuss 
later. 

The  results  for  e  =  10°  and  20°  show  the  same  readiness  to  similarity  when  normalised,  and  the 
differences  between  Ugi  and  Ugg  as  well  as  between  and  i5j  decrease  with  reduction  in  P. 
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We  define  jet  nonentum  flux  coefficients  for  the  upper  and  lower  halves  of  the  jet  at  any  station  X/h 
as 

J^/h  .  ril(U- Ug,).dy  /  U^^.h,  (5) 

and 

J2/h  =  ^  ^e2’^*  respectively,  (6) 

and  write 

J  =  Jt  +  Og.  (7) 

Fig.  9  shows  J/h  as  a  function  of  X/h  for  the  values  of  e  and  Investigated.  As  night  be  expected, 

far  downstream  where  the  factors  that  can  influence  nonentun  flux  have  largely  disappeared  (e.g.  pressure 
gradients  and  normal  Reynolds  stresses)  J/h  tends  to  a  constant  value  which  decreases  with  Increase  of  e 
and  of  U  /U^ . 

»  j 

It  has  been  suggested  by  Bradbury  and  Riley  (Ref.  2)  that  the  far  downstream  value  of  J  is  a  more 
fundamental  length  scale  than  say  h.  We  have  accordingly  taken  J^gf.  as  the  value  at  the  last  downstream 
position  and  Fig.  10  and  11  show  plots  of  (Ue/Uo)^  and  «/Jref  as  functions  of  s/J^gf.  Here  Ue=(l)g-|  +  Ug2)/2 
and  Uq  =  UqI  +  Uo2  •  For  U^/Hj  =  0.21  there  is  an  encouraging  measure  of  collapse  of  the  results 

consistent  wi^h  undeflected  jet  data  (Ref.  3  and  9)  but  for  II _yih  =  0.33  the  collapse  is  not  quite  so  good, 
perhaps  because  of  the  stronger  initial  disturbances. 

3.1.2  Entrainment  rates  and  flow  directions. 

If  we  write  mi  and  m2  as  the  rati.s  r'  ,iiass  flux  across  a  section  of  the  upper  and  lower  halves  of  the 
jet  then  the  corresponding  volime  entrainment  rates  are 

E.|  =  (dm.|/ds)/p  and  E2  =  (dm2/ds)/D  .  (8) 

The  total  entrainment  rate  is 

E  =  Et  +  E2  .  (9) 

Fig.  12  shows  E/U^h  and  (E2  -  Ei)/IJ^h  as  functions  of  s/h  for  ll„/Hj  =  0.21  and  e  =  30°,  and  it  also  shows 

A  =  E2/E^  as  a  function  of  s/h  for  0  =  20°  and  30°.  (10) 

It  Is  evident  that  there  Is  continuous  entrainment  Into  the  jet,  as  one  might  expect,  but  the  entrainment 
for  the  lower  half  of  the  jet  is  significantly  greater  than  for  the  upper,  almost  twice  as  great  by 
s/h  =  120.  Qualitatively  similar  results  were  obtained  for  both  e  =  10°  and  20°  and  we  see  that  A  is 
almost  the  same  function  of  s/h  for  0  =  20°  as  for  0  =  30°. 

Measurements  of  the  flow  Inclination  angles  across  the  jets  at  various  stations  downstream  from  the 
nozzle  also  reflect  the  greater  entrainment  rate  into  the  lower  half  of  each  jet  as  compared  with  the 
upper  half,  although  the  effects  of  the  Initial  flow  separation  over  the  upper  surface  of  the  nozzle  tend 
to  mask  this  close  to  the  nozzle.  However,  one  can  deduce  from  these  measurements  the  angle  between  the 
flow  direction  on  the  centre  line  and  the  local  tangent  to  the  centre  line.  This  angle  was  found  to  be 
positive,  i.e.  there  was  a  flow  across  the  centre  line  from  the  lower  half  of  the  jet  to  the  upper,  and 
for  0  =  30°,  UyUj  =.21  ,  it  varied  from  1.85°  for  s/h  =  18  to  0.3°  for  s/h  =  125.  The  corresponding 
values  of  the  velocity  component  nomal  to  the  centre  line  varied  from  about  0.11  IJ_^  to  0.01  IJ^.  This 
flow  evidently  helps  to  preserve  the  overall  symmetry  of  the  normalised  velocity  profile. 

3.1.3  Turbulence  quantities.  Curvature  effects. 

Fig.  13a,  b,  c,  show  the  distributions  of  uJ/U^,  and  uv  /  as  functions  of  n  =  y/6  for  the 

three  stations  X/h  =  9.1,  57.8  and  120,  for  0  =  30°  and  ll„/IJj  =  0.21.  Initially  these  turbulent  stresses 
attain  relatively  greater  values  In  the  upper  half  of  the”jet  than  in  the  lower  but  they  decrease  more 
rapidly  with  X,  so  that  further  downstream  (beyond  about  X/h  =  40)  they  are  somewhat  smaller  in  the  upper 

half  than  in  the  lower.  Similar  results  were  obtained  for  0  =  10°  and  20°  and  for  U  /II-  =  0.33. 

”  J 

A  plausible  explanation  for  these  results  can  be  sought  in  the  longitudinal  curvature  of  the  jets. 

It  was  demonstrated  by  Bradshaw  (Ref.  8)  that  streamline  curvature  has  a  large  effect  on  the  turbulence 
structure  in  turbulent  shear  flow,  tending  to  enhance  the  larger  eddies  and  the  associated  mixing  process 
when  the  centre  of  curvature  Is  in  the  direction  of  positive  mean  shear.  This  occurs  for  a  turbulent 
boundary  layer  on  a  concave  surface;  conversely  over  a  convex  surface,  there  is  enhanced  damping  of  the 
turbulence  due  to  the  curvature.  Hence,  we  may  expect  the  lower  half  of  our  test  jet  to  have  its 
turbulence  enhanced  by  the  curvature  Induced  by  the  main  stream  whilst  that  of  the  upper  half  would  be 
reduced  with  consequent  effects  on  the  mixing  rates. 

This  conclusion  accords  well  with  our  results  after  allowance  is  made  for  the  initial  but  generally 
localised  effects  of  the  flow  separation  over  the  upper  surface  of  the  nozzle. 

Bradshaw  suggested  that  there  was  an  analogy  between  curvature  and  buoyancy  effects  and  a  form  of 
Richardson  number  could  he  invoked  to  quantify  curvature  effects.  In  Its  simplest  form  for  a  thin  shear 
layer  of  small  curvature  this  Richardson  number  is 

R^  =  ^  /  (su/ay) 


(11) 
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where  R  Is  the  local  radius  of  streanline  curvature,  positive  if  the  radial  direction  froi"  the  centre  of 
curvature  is  in  a  positive  sense.  Bradshaw  supqested  that  the  curvature  effect  can  be  represented  by  a 
correction  factor  to  a  typical  turbulent  lenpth  scale  (e.g.  nixing  length)  of  the  fom 

F  =  1  -  C.R^  (12) 

where  C  is  of  the  order  of  5-10. 

Typical  values  of  C  derived  fron  our  neasurenents  for  n  =  1.0  are; 


U  /H^ 

“  J 

X/h 

=  57.8 

98.3 

120 

.21 

e  =  20° 

8.1 

5.1 

.21 

6  =  30° 

7.8 

12.1 

14.7 

.33 

8  =  30° 

2.6 

11.0 

10.2 

These  values  of  0  are  of  the  sane  order  as  predicted  by  Bradshaw  but  indicate  sone  dependence  on  flow 
history.  The  low  value  for  X/h  =  57.8  ivhen  lt„/llj  =  .33  and  e  =  30°  is  probably  due  to  the  effects  of  the 
initial  flow  separation  which  had  not  been  conpletely  absorbed  by  then.  The  measured  values  of  5/R  and 
Ri  at  n  =  1.0  are  illustrated  in  Fig.  14a  and  b.  These  values  are  snail  but  not  insignificant. 

Because  of  the  asymetry  of  the  turbulence  structure  and  the  longitudinally  varying  curvature  one 
cannot  expect  clear  evidence  of  its  self-preservation  at  sone  stage.  However,  plots  of  u^/uj,  u^/Ug,  v^/U^ 
and  uv/U^  against  n  showed  relatively  little  change  with  X/h  beyond  X/h  =  60,  suggesting  some  measure  of 
self-preservation  by  then.  He  recall  Bradhur«  (Ref. 1,2)  found  self-preservation  after  X/h  30  for  a  nnn- 
inclined  jet.  "e  also  note  that  a  plot  of  hF/Ux  as  a  function  of  lie/Uo  (Fig. 15)  shows  reasonable  agreement 
with  the  results  for  an  undeflected  jet  due  to  Bradbury  and  Riley  (Ref. 3)  except  for  the  cases  when 
U„/Uj  =  .33  and  e  =  20°  and  30°.  In  the  latter  cases  the  stronger  effects  of  the  initial  flow  separation 
evidently  augment  the  turbulence  level  on  the  centre  line  in  a  way  that  persists  far  downstream. 


3.3  The  three-dimensional  jet.  Mean  quantities. 

3.3.1  Velocities. 

Fin.  16  shows  the  spanwise  distribution  of  mean  velocity  contours  in  a  number  of  planes  at  various 
stations  downstream  of  the  nozzle  exit.  Yj  denotes  the  vertical  distance  below  the  horizontal  plane 
through  the  nozzle  exit.  He  see  that  we  can  regard  the  jet  development  as  made  up  of  tsvo  parts,  an  inner 
region  (which  we  call  the  jet  region),  in  which  the  flow  details  are  broadly  similar  to  those  of  the  two- 
dimensional  jet,  and  an  outer  region  (the  edge  region),  in  which  the  flow  is  complex  and  determined  by 
the  interaction  of  the  jet  and  its  streamline  edge  to  the  external  flow  including  the  wake  from  the 
adjacent  blocked  part  of  the  wing. 

In  the  jet  region  we  find  the  same  ready  tendency  to  similarity  of  the  normalised  transverse  velocity 
profiles  to  a  symmetrical  form  as  in  two  dimensions.  The  maximum  velocity  as  a  function  of  X/h  is 
slightly  higher  than  in  two  dimensions  and  its  locus  lies  somewhat  lower  than  in  two  dimensions;  this  is 
presumably  due  to  the  downwash  induced  by  the  trailing  vorticity  that  develops  in  the  edge  region.  He 
shall  return  to  this  later,  hut  it  will  be  clear  that  since  lift  is  generated  on  the  wing,  largely 
because  of  the  jet,  trailing  vorticity  must  be  present  in  the  jet  which  is  mainly  concentrated  in  the  edge 
region  as  for  a  wing  of  finite  span. 

Reverting  to  Fig.  16  we  see  that  the  edge  region  is  initially  marked  by  its  extension  in  the 
transverse  direction  normal  to  the  jet  plane.  However,  as  it  develops  downstream  it  tends  to  spread 
spanwise,  so  that  its  shape  tends  to  become  near-circular  in  section.  By  about  X/h  =  120  the  edge  region 
extends  over  almost  all  the  jet  span.  He  may  also  note  that  the  maximum  velocity  (as  well  as  maximum 
total  pressure)  for  any  value  of  X/h  downstream  o^  X/h  >  10  occurs  in  the  edge  region  and  not  in  the  jet 
region.  This  suggests  that  the  mixing  in  the  inner  part  of  the  edge  region  is  somewhat  less  vigorous  than 
in  the  jet  region.  It  is  noteworthy  that  the  maximum  velocity  loci  in  the  inner  and  outer  regions  move 
downwards  together  with  downstream  distance,  -  the  velocity  contours  do  not  reflect  the  curling  upwards 
of  the  edge  region  that  one  associates  with  the  trailing  vortex  wake  from  a  wing  of  finite  span. 

3.3.2  Vorticity. 

The  transverse  components  of  the  mean  velocity  have  been  plotted  as  vectors  for  different  X/h 
stations  and  some  of  the  results  are  illustrated  in  Fig.  17a  and  b.  The  vortex-like  character  of  the  flow 
in  the  edge  region  is  now  clearly  visible  as  is  the  expected  spanwise  flow  component  outwards  below  the 
jet  and  Inwards  above  it.  There  is  also  evidence  of  a  weak  vortex  of  opposite  sign  to  the  main  one  in  the 
upper  half  of  the  jet  just  inboard  of  the  main  vortex. 

To  examine  this  in  more  detail  the  distribution  of  the  streamwise  vorticity  component  £  in  a  given 
plane  X/h  =  const,  was  determined  from  the  data  and  the  enuation: 


m 


V/U,) 


(13) 


where  H  and  V  are  the  lateral  and  transverse  mean  velocity  components,  respectively.  Fig.  18a  and  b  shows 
the  resulting  iso-vorticity  lines  for  X/h  =  17.2  and  98.3.  No  great  accuracy  can  be  claimed  for  these 
results  but  they  show  clearly  the  presence  of  two  secondary  regions  of  vorticity  on  the  inner  periohery  of 
the  main  one,  the  lower  one  is  in  the  same  sense  as  the  main  one  but  the  upper  one  is  of  opposite  sense. 


If  we  define  the  centre  of  the  vortex  nattern  as  the  position  of  maximum  vorticity  then  we  find  that 
its  locus  is  well  above  the  locus  of  maximum  velocity  and  it  does  not  move  markedly  inwards  with  distance 
downstream  as  does  the  latter  locus.  The  difference  between  the  two  loci  is  illustrated  in  Fig.  19. 
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It  Is  of  Interest  to  note  that  the  maxiflium  velocity  position  for  any  downstream  station  lies  in  the 
region  between  the  main  region  of  vorticity  and  the  secondary  regions.  It  seems  plausible  that  in  this 
somewhat  quiescent  region  the  mixing  is  less  vigorous  than  in  neighbouring  regions  and  hence  a  higher 
total  pressure  and  velocity  persist  there. 

3.3.3  Turbulent  stresses. 

Fig.  2na,  b,  c,  show  distributions  of  the  five  Reynolds  stresses  measured  for  S  =  46%  at  the  stations 
X/h  =  17.2,  57.8  and  120.  We  can  again  note  the  somewhat  higher  values  in  the  lower  half  of  the  jet 
region  than  in  the  upper  half,  as  in  two  dimensions,  to  be  ascribed  to  the  effects  of  curvature. 

The  distribution  of  the  stress  uw  reflects  the  spanwise  variation  of  U  with  Z,  which  after  the 
initial  disturbances  have  died  out  tends  to  develop  a  positive  gradient  consistent  with  the  maximum 
velocity  occurring  in  the  edge  region. 

Fig.  21a,  b,  c,  show  the  corresponding  distributions  for  S  ■=  90%.  Here  we  are  in  the  edge  region  and 
the  curves  differ  markedly  from  those  of  the  jet  region.  He  note  the  greater  transverse  extent  of  the 
region  in  which  the  stresses  are  of  significant  magnitude,  and  we  also  note  the  larger  magnitudes  in  the 
lower  half  of  the  region.  The  position  of  the  peaks  Is  In  the  region  of  maximum  streamwise  vorticity. 

4.  CONCLUSIONS 

Two-dimensional  deflected  jet. 

1)  Initial  disturbances  with  U^Uj  =  .21  were  readily  absorbed  by  about  40h  downstream  of  the  jet  exit. 

But  with  U„/Ui  =  .33  and  e  =  20°  and  30°  the  initial  disturbances  were  stronger  due  to  flow  separation 
from  the  nozzle  upper  surface,  complete  absorption  then  required  a  distance  of  about  60h  (Fig.  5). 

2)  However,  the  normalised  mean  velocity  distribution  across  the  jet  attained  similarity  in  all  the 
cases  tested  by  about  20h  (Fig.  6). 

3)  The  turbulence  characteristics  and  associated  entrainment  rates  showed  significant  Jifferences 
between  the  upper  and  lower  halves  of  the  jet  which  can  be  plausibly  explained  in  terms  of  longitudinal 
curvature  effects  (Fig.  12,  13,  14). 

4)  There  was  a  flow  across  the  jet  centre  line  from  the  lower  to  the  upper  half. 

5)  The  jet  momentum  thickness  far  downstream  provides  a  useful  reference  length  in  collapsing  the  data 
in  non-dimensional  form  for  jet  thickness  and  maximum  velocity  as  functions  of  downstream  distance 
(Fig.  10,  11). 

Three-dimensional  deflected  jet  of  finite  span. 

6)  The  development  of  the  inner,  or  jet,  region  was  much  the  same  as  for  the  two-dimensional  jet,  but 
its  spanwise  extent  decreased  with  downstream  distance. 

7)  The  outer,  or  edge  region,  grew  at  the  expense  of  the  inner  region  and  its  iso-velocity  contours 
changed  from  being  elongated  transversely  to  a  near-circular  shape  with  distance  downstream  (Fig.  16). 

8)  The  maximum  velocity  locus  moved  inwards  with  distance  dovmstream  but  was  located  in  the  edge  region 
at  much  the  same  height  as  the  peak  velocity  in  the  jet  region  (Fig.  16). 

9)  A  strong  streamwise  vorticity  component  developed  in  the  edge  region  similar  to  that  in  the  vortex 
wake  of  a  lifting  wing.  However,  there  were  two  weaker  secondary  regions  of  streamwise  vorticity  inboard 
of  the  main  one,  one  in  the  upper  half  of  the  jet  and  of  opposite  sense  to  the  main  one  and  the  other  in 
the  lower  half  and  of  the  same  sense  as  the  main  one  (Fig.  17  &  18). 

70)  The  locus  of  peak  streamwise  vorticity  lay  above  the  level  of  that  of  maximum  velocity  and  its 
spanwise  position  changed  little  with  distance  downstream  (Fig.  19). 

11)  The  position  of  peak  turbulence  intensity  coincided  roughly  with  that  of  maximum  streamwise  vorticity 
in  the  edge  region. 

12)  These  results  present  an  interesting  if  severe  test  case  for  those  attempting  to  model  three-dimensional 
turbulent  shear  flows. 
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Abstract 

This  paper  reports  the  discovery  of  a  new  resonant  entralnnent  phenomenon  associated  with  a  con¬ 
fined,  pulsed  Jet  flow.  It  was  found  that  a  confined  jet,  when  pulsed  at  an  organ-pipe  resonant  fre¬ 
quency  of  the  confinement  tube,  experiences  greatly  enhanced  entrainment  and  mixing  near  the  exit  end  of 
the  confinement  tube .  Both  visual  and  quantitative  evidence  of  this  phenomenon  Is  presented .  The  new 
effect  should  be  of  considerable  Interest  In  ejector  and  combustor  design,  both  of  which  benefit  from  any 
enhancement  In  mixing  between  a  primary  and  a  secondary  flow. 

Introduction 

Rapid  mixing  of  a  primary  Jet  flow  with  entrained  or  a  coaxially  flowing  secondary  flow  Is  of  great 
Importance  In  many  applications  as  diverse  ss  ejectors,  combustors,  and  chemical  lasers.  The  Importance 
of  Increasing  the  mixing  rate  between  primary  Jet  flow  and  entrained  flow  In  a  thrust-augmenting  ejector 
was  stressed  by  Quinn  [1],  who  showed  that  the  thrust  augmentation  was  directly  proportional  to  the 
degree  of  mixing  attained  at  the  ejector  exit.  In  an  Industrial  burner  utilizing  gaseous,  liquid,  or 
particulate  fuel,  rapid  mixing  In  the  reaction  zone  la  of  utmost  Importance  for  compactness,  high  com¬ 
bustion  efficiency,  and  improved  homogeneity  which  Is  beneficial  for  control  of  pollutant  formation  [2]. 

Several  Inveatlgators  have  used  deliberately  Introduced  unsteadiness  to  Improve  the  mixing  rate  of 
Jets.  In  an  Investigation  primarily  aimed  at  study  of  large-scale  orderly  structures  In  a  turbulent  Jet, 
Crow  and  Champagne  [3]  found  that,  even  at  amplitudes  of  excitation  as  low  as  2X,  the  entrainment  rate  In 
the  first  six  diameters  from  the  jet  exit  plane  Increased  by  20X  over  the  unforced  case .  Binder  and 
Favrc-Harlnet  (4)  used  a  spinning  butterfly  valve  upstream  of  a  nozzle  to  produce  amplitudes  of  pulsa¬ 
tions  up  to  40Z  of  mean  velocity.  Both  the  decay  of  the  centerline  velocity  and  Che  spreading  distance 
of  Che  Jet  were  strongly  affected  by  pulsations.  Their  co-workers  Curtec  and  Girard  [S]  conducted  a 
visualization  study  of  pulsed  Jets  and  provided  smoke  and  Schlleren  pictures  of  puff  formation.  Brem- 
horst  and  co-workers  [6,7]  studied  both  fully  pulsed  and  pulsed-core  Jets  and  attributed  the  Increased 
entrainment  of  pulsed  Jets  to  their  Inherently  larger  entrainment  interface  structure.  They  also  found 
lesser  entrainment  rates  for  pulsed-core  Jets  as  compared  to  a  fully  pulsed  Jet  [7],  Vlets  [8]  utilized 
a  feedback  fluidic  loop  to  produce  a  flapping  two-dimensional  Jet  nozzle  for  V/STOL  application  and 
reported  marked  Influence  of  this  Introduction  of  oscillating  transverse  velocity  component  on  Jet 
spreading  rates . 

During  the  course  of  their  Investigation  of  Jet  mixing  rates,  Hill  and  Greene  [9]  discovered  the 
phenomenon  of  a  'whistler  nozzle,'  In  which  a  step  change  In  the  area  of  an  extended  nozzle  resulted  In 
sclf-exelted  acoustic  oscillations  of  the  Jet  snd  led  to  significantly  Improved  mixing  rates,  as  evi¬ 
denced  by  a  rapid  decay  of  the  centerline  velocity. 

Recently,  Habib  and  Nhltclaw  [10]  reported  measurements  on  velocity  characteristics  of  a  confined 
coaxial  Jet  and  found  that  confinement  has  beneficial  effects  on  the  mixing  rate  of  coaxial  Jets. 

The  present  study  describes  a  new  method  of  greatly  enhancing  entrainment  and  mixing  rates  of  Jets 
using  both  confinement  and  pulsing.  It  Is  shown  that  a  confined  Jet  exhibits  a  spectacular  resonant 
entrainment  behavior  when  pulsed  at  frequencies  coinciding  with  the  organ-pipe  frequencies  of  the  con¬ 
fining  tube. 
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Resonant  Entrainment  Phenomenon 

The  resonant  entralnnent  phenomenon  was  observed  during  the  course  of  an  Investigation  to  study 
effects  of  high-frequency  pulsations  on  stagnation-point  heat  transfer.  A  schematic  of  the  experiment  is 
shown  in  Fig.  1.  The  supply  air  is  filtered,  metered  by  means  of  a  laminar  flow  element,  and  delivered 
to  a  pulsing  rotor  device  after  passage  through  a  settling  chamber. 

The  details  of  the  pulsing  rotor  device  are  shown  In  Fig.  2.  The  0.318  cm  (1/8  in.)  diameter  (d) 
opening  at  the  base  of  the  1.143  cm  (0.45  In.)  diameter  (D)  confinement  tube  Is  opened  and  closed  at 
high  frequencies  (up  to  7.5  kHz)  by  means  of  a  pulsing  rotor.  The  rotor  has  eighteen  0.318  cm  (1/8 
In.)  diameter  holes  and  Is  driven  by  a  Varlac-controlled  motor  up  to  speeds  of  25,000  rpm.  The  motor 
speed  was  measured  directly  by  means  of  a  photoelectric  transducer. 

The  device  thus  produces  a  pulsed  Jet  Issuing  from  a  0.318  cm  (1/8  In.)  diameter  orifice,  whose 
pulsing  frequency  may  be  varied  In  the  range  0  to  7.5  kHz . 

The  maximum  jet  velocity  was  attained,  obviously,  when  the  rotor  was  In  fully  open  position  and 
minimum  when  the  rotor  was  In  fully  closed  position.  Due  to  the  clearance  between  the  rotor  and  the 
casing,  the  minimum  Jet  velocity  (or  flow  rate)  was  non-zero.  For  a  fixed  upstream  pressure,  the  ratio 
of  the  flow  rates  for  fully  open  position  of  the  rotor  to  that  at  fully  closed  position  (under  stationary 
condition)  was  approximately  2.2.  For  the  same  upstream  pressure,  the  flow  rate  under  rotor  spinning 
condition  was  approximately  the  average  of  the  flow  rates  for  fully  open  and  fully  closed  stationary 
positions.  From  these  stationary  measurements,  the  amplitude  of  the  velocity  pulsations  of  the  Jet 
Issuing  from  the  orifice  was  estimated  to  be  37. 3Z  of  the  mean  velocity.  This  pulsed  Jet  is  confined  by 
a  confinement  tube  of  diameter  D  •  1.143  cm  (0.45  In.)  and  length  L  •  11.1  cm  (4.37  in.)  before 
Issuing  out  Into  the  ambient  air.  The  region  of  Interest  Is  immediately  downstream  of  the  confinement 
tube  exit  plane . 


Hot-wire  measurements  at  the  Jet  centerline,  one  diameter  downstream  of  the  confinement  tube  exit 
plane,  showed  that  the  mean  velocity  there  Increased  sharply  In  the  neighborhood  of  certain  characteris¬ 
tic  resonant  pulsing  frequencies.  The  peak  velocities  attained,  together  with  corresponding  resonant 
pulsing  frequencies,  are  plotted  In  Fig.  3.  The  peak  velocities  ere  normalized  with  respect  to  ^ave* 
where 


U  • 

ave 

la  the  time-averaged  mass  flow  rate  as  measured  by  the  laminar  flow  meter  (Fig.  1), 


Here 

the  exit  plane  density,  and  A2  !■  confinement  tube  cross-sectional  area, 
constant  during  measurements  at  all  frequencies.  At  the  flow  rates  employed, 
10  m/s  (33  ft/aec)  . 


(1) 


Is 


m  was  maintained  nearly 
0  was  approximately 


The  horizontal  dashed  line  la  Fig.  3  shows  the  normalized  centerline  velocity  value  (1.37)  for  an 
unpulsed  Jet  for  the  same  flow  rate.  This  value  was  determined  experimentally  with  the  rotor  stationary 
and  In  the  fully  open  position.  It  may  be  seen  that  the  augmentation  In  the  centerline  velocity  at  some 
resonant  frequencies  over  the  stationary  value  Is  up  to  200ZI 


To  provide  an  estimate  of  the  half-width  of  this  resonant  behavior,  measurements  of  centerline  mean 
velocity  one  diameter  downstream  from  Che  confinement  tube  exit  plane  were  taken  In  Che  vicinity  of  the 
-  2241  Hz  resonance  (Fig.  4).  The  vertical  dashed  lines  denote  the  location  and  the  magnitude  of  Che 
normalized  peak  mean  velocity  for  adjacent  resonances.  The  horlzontsl  dsshed  line  denotes  the  experimen¬ 
tal  ^'‘cL^''ave^z4  unpulsed  Jet  st  the  same  mesn  primary  mass  flow  rate.  Notice  that  the 

half-width  Is  approximately  100  Hz  and  that  the  normallxed  mean  velocity  between  resonances  remains  sub¬ 
stantially  higher  than  the  unpulsed  value  of  I .37 . 


Significance  of  the  Resonant  Frequencies 

The  frequencies  at  which  a  local  maximum  In  the  centerline  velocity  was  observed  (Fig.  3)  were 
compared  with  the  resonant  frequencies  of  an  open/  closed-ended  organ  pipe  of  the  sane  length  as  the 
confinement  Cube.  The  resonant  organ  pipe  frequencies  are  given  from  [11]  as 


v 

n,o-c 


(2n-l)  jp- 


1,2,3,.. 


(2) 


i 
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Here  L'  Is  the  corrected  length  given  by 


L'  -  L  -t-  0.3  D 


(3) 


where  L  la  the  actual  length  and  D  Is  the  pipe  diameter  [11]. 

Using  the  discharge  tube  dlnenalona  of  L  •  11.1  cm  and  D  -  1.143  cm  (0.45  In.),  together  with 
the  speed  of  sound  C  ~  344  m/s  at  21*C, 


V, 

1,0-C 


C 

4L* 


751 .6  Hz  . 


The  aeasured  resonant  frequencies  for  the  resonant  entrainment  phenomenon  are  tabulated  In  Table  I 
and  are  normalized  with  the  value  determined  above*  Notice  that  strong  resonances  are  observed 
when 


(Vp/^l^o-c^ 


1.  3.  5,  7,  9 


while  weak  resonances  are  observed  when 


(V  /u,  ) 

p  l,o-c 


2  k  ^  t  ^  >  etc . 


To  ascertain  that  the  "resonant”  frequencies  were  Indeed  the  organ-pipe  resonant  frequencies  of  the 
confinement  tube,  different  tube  lengths  ranging  from  6  to  24  cm  were  employed.  In  all  cases  the  phenom¬ 
enon  was  found  to  scale  on  the  organ-pipe  resonant  frequency  based  on  the  tube  length  employed • 


Radial  Profiles  and  Oenterllne  Velocity  Decay 

Radial  traverse  of  the  jet  one  diameter  downstream  from  the  exit  plane  with  hot  wire  showed  that 
high  mean  velocities  persisted  a  considerable  distance  from  the  centerline.  Figure  5  shows  a  comparison 
between  the  unpulsed  confined  Jet  and  the  confined  Jet  pulsed  at  the  resonant  frequency,  f  •  C/4L’  at 
the  same  mean  flow  rate.  Note  that,  under  resonant  pulsing,  not  only  are  the  mean  velocities  substan¬ 
tially  larger,  but  so  Is  the  spreading  distance.  As  the  primary  flow  rate  Is  the  same  for  the  two  cases, 
the  substantially  higher  volume  flow  rate  for  the  pulsed  Jet  must  result  from  Increased  entrainment . 
This  Increased  entrainment  occurs  only  In  the  vicinity  of  the  organ-pipe  resonant  frequencies  of  the 
confinement  tube;  hence  the  phenomenon  will  be  termed  resonant  entrainment . 

The  question  now  arises  as  to  where  the  large  Increase  In  the  momentum  of  the  Jet  comes  from  during 
resonant  pulsing.  To  answer  this  question,  we  cunslder  the  unpulsed  confined  Jet,  as  shown  In  Fig.  6. 
In  this  case,  the  high  aiomentum  of  the  small  Jet  (of  diameter  d)  Is  reduced  considerably  as  the  Jet 
attaches  to  the  confinement  tube  wall  and  the  mean  velocity  decreases  to  satisfy  continuity.  If  we 
assume  an  Incompressible,  one-dlmenslonal  flow  at  Inlet  and  exit  and  neglect  wall  friction,  a  control 
volume  analysis  shows  that 


Also,  for  steady  flow. 


"2,. 


(7) 


Thus,  tre  see  from  Eq .  (5)  above  that,  under  steady  flow  conditions,  the  momentia  of  the  primary  Jet 

2 

la  larger  than  that  of  the  Jet  Issuing  at  the  exit  of  the  confinement  tube  by  a  factor  of  (D/d)  . 
Furthermore,  the  decrease  In  the  momentum  Is  accompanied  by  an  Increase  In  the  pressure  from  p^  ^  to 
P2  ,  ~  p^,  as  shown  by  Eqs .  (6)  and  (7)  above. 
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We  shall  next  show  that  the  nomentun  of  the  resonantly  pulsed  confined  Jet  at  the  confinement  tube 
exit  Is  coaparsble  to  that  of  an  unconflned  pulsed  Jet  of  diameter  d  at  the  same  mean  flow  rate.  How¬ 
ever,  the  spreading  rate  and  centerline  velocity  decay  for  the  resonantly  pulsed  confined  Jet  are  much 
more  rapid. 

The  confinement  tube  of  diameter  D  was  replaced  by  a  tube  of  the  same  length  L  but  of  a  diam¬ 
eter  d,  l.e.,  the  same  as  that  of  the  orifice.  Radial  profiles  of  velocity  were  measured  at  two  axial 
locations  x/d  •  24  and  48,  where  x  was  measured  from  the  exit  plane  of  the  tube.  The  results  are 
shown  In  Figs.  7(a)  and  (b) .  The  mean  flow  rate  In  all  cases  was  maintained  at  the  same  value.  Note 
that  the  maximum  spreading  rate  and  centerline  velocity  decay  are  attained  irlth  case  (111),  the  reso¬ 
nantly  pulsed  confined  Jet. 

The  centerline  velocity  decay  measurements  are  further  shown  In  Fig.  8.  It  may  be  seen  that,  for  a 
fixed  mean  flow  rate,  the  Initial  decay  (x/d  <  25)  of  centerline  velocity  for  the  resonantly  pulsed 
confined  Jet  Is  considerably  more  Chan  that  for  either  pulsed  or  unpulsed  unconflned  Jet .  At  larger 
axial  distances,  Che  centerline  velocity  values  for  the  two  pulsed  cases  approach  the  same  value. 


Direct  Heasurements  of  Total  Entrainment 

In  an  effort  Co  estimate  the  augmentation  In  the  total  entrainment  rate  during  resonances,  the 
pulsed  Jet  was  used  In  an  ejector  configuration  (Fig.  9).  The  confinement  tube  was  placed  at  the  en¬ 
trance  end  of  a  15.24  cm  (6  In.)  diameter  duct  of  1.067  m  (3-1/2  ft)  length.  The  sum  of  the  primary  and 
the  entrained  flow  rates  was  meaaured  at  the  exit  end  of  the  duct  by  means  of  a  rotating  vane  anemometer . 
The  latter  was  calibrated  In  a  wind  tunnel  for  a  relationship  between  the  rotational  speed  and  the  flow 
rate . 

The  total  flow  rate  through  the  rotating  vane  anemometer,  normalized  with  the  time-averaged  primary 
flow  rate,  la  shown  In  Fig.  10  for  the  resonant  frequencies.  The  lower  dashed  line  shows  experimentally 
meaaured  (Qtotal^^^  value  for  Che  unpulsed  Jet  with  D/d  •  3.6,  while  the  upper  dashed  line  shows  this 
ratio  for  the  case  of  D/d  >1.0  and  f  -  0.  The  primary  flow  rates  In  all  cases  are  the  same. 

Comparing  the  two  unpulsed  cases  at  the  same  primary  flow  rate,  the  Wtotal^%^  ratio  for  the  D/d 
•  1 .0  case  la  considerably  higher  due  Co  Che  higher  momentum  of  the  primary  flow  (see  Eq.  (5))  . 

Notice  that,  under  resonant  pulsing  conditions,  the  (QtoCal^%^  ratio  for  the  D/d  ••  3.6  configu¬ 
ration  approaches  and  even  exceeds  the  unpulsed  Jet  with  D/d  •  1.0.  For  a  fixed  geometry.  D/d  ~  3.6, 
the  augmentation  In  (Qtotal^%^  ratio  at  some  pulsing  frequencies  Is  more  than  2002  over  the  unpulaed 
value . 

The  effect  of  varying  Qp  on  the  Wtotal^%^  ratio  Is  shown  In  Fig.  11.  The  data  points  repre¬ 
sented  by  circles  are  for  the  D/d  >3.6  configuration,  while  those  represented  by  triangles  are  for  the 
D/d  -  1.0  configuration.  In  both  cases  the  upper  curve  represents  flow  pulsed  at  a  resonant  frequency 
Vp  -  C/4L',  while  the  lower  curve  represents  unpulsed  flow. 

In  both  cases  of  unpulsed  flow,  the  (QtoCal^%^  ratio  levels  off  as  Qp  Is  Increased,  while  both 
cases  of  pulsed  flow  attain  a  maximum  In  the  ^^total^'^p^  ratio.  The  augmentation  In  total  entrainment 
during  resonant  pulsing  over  the  unpulsed  value  Is  only  slight  for  the  D/d  -  1 .0  case .  This  may  be 
partially  accounted  for  by  the  difference  In  Che  Initial  momentum  between  a  steady  and  an  unsteady  Jet  at 
the  same  mean  flow  rate  and  the  same  diameter.  For  an  unsteady  Jet,  we  may  represent  the  phase-averaged 
velocity  as 


<  u  >  “  u  +  u 


(8) 


where  u  Is  the  mean  and  u  Is  the  periodic  component  of  velocity  (u  >  0) .  Then  It  may  be  shown  that 
the  ratio  of  the  clme-averaged  momentum  of  an  unsteady  Jet  to  chat  of  a  steady  Jet  with  the  same  mean 
velocity  u  may  be  expressed  as 


p<  u  > 


~2 

u 


(9) 


which  la  always  greater  than  unity.  The  Increase  In  total  entrainment  at  resonant  pulsing  over  the  un¬ 
pulsed  value  for  the  D/d  >1.0  case  Is  about  20Z  at  Q  -  1.0  sefa.  However,  for  the  D/d  -  3.6  case, 
resonant  pulsing  augments  the  (Qtotsl^^Jp)  ratio  by  3752  over  Che  unpulsed  value  at  Qp  -  0.8  sefm. 


Finally,  conparlng  the  cuo  pulsed  cases,  both  irlth  resonant  pulsing  at  f  -  C/4L',  the  case  of 
D/d  -  3 .6  results  In  total  entrainment  rates  higher  than  those  for  the  D/d  -  1 .0  case  over  most  of  the 
flow  rate  range.  Hore  significantly,  this  enhanced  entrainment  occurs  In  a  much  shorter  distance  from 
the  confinement  tube  exit  plane,  as  shown  by  the  radial  profiles  in  Fig.  7(a), (b),  the  centerline  veloc¬ 
ity  decay  behavior.  Fig.  8,  and  confirmed  by  f low-vlsuallzatlon  studies  discussed  below. 

Flow-Vlsuallsatlon  Experiments 

The  vane  anemometer  measurements  showed  that  the  total  entrainment  of  the  confined  pulsed  Jet  (D/d 
~  3.6)  approaches  and  even  exceeds  that  of  the  unconflned  pulsed  Jet  (D/d  ••  1.0).  What  is  more  Impor¬ 
tant,  however.  Is  that  the  local  entrainment  and  mixing  rates  Immediately  downstream  of  the  confinement 
tube  exit  are  several  times  larger  for  the  D/d  -  3.6  case  under  resonant  pulsing,  as  seen  from  the 
radial  profiles  and  centerline  velocity  decay  behavior. 

The  dramatically  enhanced  entrainment  and  mixing  rates  immediately  downstream  of  the  confinement 
tube  exit  were  visualized  by  two  methods:  (1)  methane  flame  and  (11)  smoke  Injection. 

(i)  Methane  flame .  Methane  gas  was  Introduced  as  the  primary  fluid  and  burned  at  the  exit  end  of 
the  confinement  tube  (D/d  3.6).  Under  resonant  pulsing,  the  entrainment  of  ambient  air  was  too  exces¬ 
sive  to  maintain  the  fuel/alr  ratio  above  the  lean  flammability  limit,  and  It  was  necessary  to- curtail 
the  entrainment  by  means  of  a  shallow  can  mounted  at  the  exit  end  of  the  confinement  tube.  Photographs 
of  the  flame  under  no  pulsing  and  resonant  pulsing  conditions  are  shown  In  Fig.  12.  Fig.  12(a)  shows 
unpulsed  methane  Jet  burning  freely  In  air.  Fig.  12(b)  ahows  the  flame  for  the  same  mean  flow  rate  of 
methane,  but  pulsed  at  the  resonant  frequency  ''i,o-c*  Notice  the  considerably  shortened  flame  length 
and  the  absence  of  soot-partlcle  radiation,  both  of  which  are  demonstrative  of  enhanced  mixing  and  lean 
combustion . 

(11)  Smoke  Injection.  Smoke  was  introduced  through  a  ring  placed  around  the  confinement  tube, 
slightly  below  the  exit  plane .  The  objective  was  to  trace  the  ambient  air  entrained  by  the  Jet  Issuing 
from  the  confinement  tube.  The  smoke  was  made  visible  by  a  strobe  light  source,  which  was  pulsed  In  syn¬ 
chronization  with  the  pulsing  rotor.  Strong  vortex  interaction  between  the  Jet  flow  and  the  entrained 
flow  was  revealed  under  resonant  pulsing.  Fig.  13  shows  a  photograph  of  the  large  vortices  at  the  exit 
from  the  confinement  tube.  No  such  large-scale  vortex  interaction  could  be  detected  under  no  pulsing  and 
of f-resonant-pulslng  conditions. 

Mean  Pressure  Measurements 

Recall  that,  under  steady  flow  conditions,  the  pressure  pj  g  at  the  base  of  the  confinement  tube 
(D/d  -  3.6)  Is  lower  than  that  (P2  g)  at  the  exit,  as  shown  by  Eq .  (6).  Furthermore,  the  pressure 
P2  g  at  the  exit  Is  the  same  as  the  ambient  pressure  p^ .  A  few  preliminary  measurements  were  made  to 
determine  how  this  mean  pressure  distribution  is  affected  by  resonant  pulsing.  These  measurements  showed 
that,  as  the  fundamental  resonant  frequency  was  approached,  the  pressure  distribution  along  the  confine¬ 
ment  tube  was  markedly  affected. 

Under  resonant  pulsing,  the  mean  pressure  P2  at  the  confinement  tube  exit  approached  the  value 
p^  g,  while  the  mean  pressure  pj^  at  the  confinement  tube  base  approached  p^ .  This  means  that  the 
mean  pressure  near  the  exit  of  the  confinement  tube  drops  significantly  below  the  ambient  pressure  p^, 
causing  a  large  quantity  of  ambient  air  to  be  drawn  Into  the  confinement  tube.  Furthermore,  the  Jet 
Issuing  from  the  orifice  at  the  base  does  not  seem  to  attach  to  the  walls  of  the  confinement  tube  and 
appears  at  the  exit  as  a  small-diameter  Jet .  Vigorous  mixing  between  the  Jet  and  the  entrained  ambient 
air  takes  place  near  the  exit  end  of  the  confinement  tube  through  a  strong  vortex  Interaction.  These 
observations  are  supported  by  the  smoke-strobe  visualization  of  the  flow  field  shown  In  Fig.  13. 


Conclusions 

The  Investigation  reported  here  has  revealed  the  existence  of  a  resonant  entrainment  phenomenon  for 
a  confined  pulsed  Jet .  The  enhancement  In  entrainment  and  mixing  achieved  with  resonant  pulsing  are 
impressive.  The  phenomenon  should  be  of  considerable  Interest  In  ejector  and  burner  design,  both  of 
which  benefit  from  any  enhancement  In  mixing  between  a  primary  and  a  secondary  flow. 
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Froa  the  foregoing  presentation  of  oeasureoents  on  the  resonant  entrainment  phenomenon.  It  appears 
that  the  following  two  requirements  need  to  be  met  for  the  phenomenon  to  occur. 

1)  The  primary  flow  must  be  pulsed  at  frequencies  which  are  equal  to  (or  one-half  of)  the 

organ-pipe  natural  frequencies  of  the  confinement  tube. 

2)  The  diameter  D  of  the  confinement  tube  oust  be  larger  than  the  diameter  d  of  the 
primary  Jet  orifice. 

Evidently  the  augmentation  In  entrainment  achieved  under  resonant  pulsing  will  depend  upon  several 
parameters,  namely,  the  D/d  ratio,  the  discharge  tube  length  L,  and  the  primary  Jet  flow  rate  Qp . 
This  opens  up  the  possibility  of  optimising  the  entrainment  by  proper  selection  of  these  parameters. 

The  mechanism  responsible  for  the  resonant  entrainment  phenomenon  appears  to  be  twofold: 

1)  Under  resonant  pulsing,  there  appears  a  low  mean  pressure  region  near  the  exit  end  of  the 
conflnesient  tube,  which  causes  a  large  quantity  of  ambient  air  to  be  drawn  In. 

2)  The  resonantly  pulsed  confined  Jet  does  not  attach  to  the  wall  of  the  confinement  tube  and 
mixes  vigorously  with  the  entrained  flow  through  a  strong  vortex  Interaction. 

Clearly,  more  detailed  phase-averaged  hot-wire  and  pressure  measurements,  together  with  flow-vlsuallza- 
tlon  techniques,  will  be  necessary  to  uncover  the  underlying  mechanism.  Such  an  understanding  will  Chen 
lead  CO  quantitative  estimation  of  augmentation  In  entrainment  rates  under  the  resonant  pulsing  condi¬ 
tion. 

The  amplitude  of  pulsation  In  the  present  Investigation  was  approximately  37 .5Z  of  Che  mean  veloc¬ 
ity,  which  results  In  Che  sound  level  approaching  that  of  a  siren.  It  would  be  of  Interest  to  explore 
the  minimum  pulsation  amplitude  necessary  to  achieve  resonant  entrainment . 
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Nonenclature 
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Cross-sectional  area  of  the  Jet  orifice  (see  Fig.  6). 

Cross-sectional  area  of  the  confinement  tube . 

Speed  of  sound . 

Diameter  of  the  jet  orifice. 

Diameter  of  the  confinement  tube. 

Pulsing  frequency. 

Confinement  tube  length . 

Time-averaged  primary  mass  flow  rate . 

Mean  pressure  at  the  confinement  cube  base  under  resonant  pulsing . 

Mean  pressure  near  the  confinement  tube  exit  under  resonant  pulsing. 
Pressure  at  the  confinement  tube  base,  steady  flow. 

Pressure  near  the  confinement  tube  exit,  steady  flow. 

Ambient  pressure. 

Primary  volume  flow  rate. 

Primary  +  entrained  volume  flow  rate . 

Radial  coordinate . 
radius  o  f  the  Jet  orifice. 

Radius  of  the  confinement  tube. 

Jet  velocity  at  orifice  exit  (see  Fig.  6). 

Uniform  jet  velocity  at  confinement  tube  exit  (see  Fig.  6). 

Density 

Pulsing  frequency. 

Resonant  frequency  of  an  organ  pipe  with  one  end  open,  the  other  closed . 
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Fig-  !•  Schematic  of  heat  transfer  experiment. 


Fig.  2.  Pulsing  rotor. 


Fig.  3.  Augmentation  In  centerline  velocity 
under  resonant  pulsing. 
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Fig.  A.  Frequency  dependence  of  centerline  velocity 


Fig.  6.  Schematic  of  unpulsed  confined  Jet. 
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Flowfield  and  Noise  Sources  of  Jet  Impingement  on  Flaps  and  Ground  Surface. 

Dr.-Ing.  Gunther  Neuwerth,  Institut  fUr  Luft-  und  Raumfahrt  der  RWTH  Aachen,  Wiillnerstr.  7,  5100  Aachen  FRG 


Summary 

On  the  basis  of  experimental  r-esults  it  is  shown  that,  in  an  undisturbed  free  jet  of  high  subsonic  speed 
as  well  as  in  a  jet  deflected  by  externally  blown  flaps  (EBF),  there  are  ordered  turbulence  structures. 
First,  a  feedback  mechanism  which  develops  at  small  distances  between  nozzle  and  stagnation  point  on  the 
flaps  and  which  amplifies  the  turbulence  structures  is  explained.  It  is  subsequently  shown,  that  the 
interaction  of  the  jets  and  EBF  generates  a  strong  noise.  Even  without  feedback  both  the  undisturbed  free 
jet  and  the  jet  deflected  by  EBF  have  the  maximum  levels  in  the  noise  spectrum  at  the  Strouhal  numbers  of 
the  natural  ordered  turbulence  structures. 


Introduction 

When  a  subsonic  free  jet  impinges  on  the  ground  (VTOL-aircraft)  or  on  externally  blown  flaps  (STOL-air- 
crafts)  an  interacting  mechanism  takes  place.  One  of  the  consequences  of  this  interaction  is  the  radiation 
of  noise  with  a  special  spectrum  shape  at  high  intensity.  This  paper  will  give  a  contribution  to  the  under¬ 
standing  of  the  flowfield  interaction  and  the  mechanism  of  noise  generation. 

Natural  ordered  turbulence  structures  of  free  jets 

Many  authors,  e.g.  S.  C.  Crow  and  F.  H.  Champagne  /I/  as  well  as  H.  Fuchs  /2/,  observed  in  turbulent  free 
jet  boundary  layers  ordered  turbulence  structures  up  to  a  distance  of  about  6  nozzle  diameters  downstream 
of  the  orifice.  These  experiments  were  performed  in  the  Mach-number  range  Ma  <  0.2  H.  Fuchs  found  at  a 
Strouhal  number  Sd  0.5  strongly  distinct  axisymmetrical  oscillations.  This  led  to  the  assumption  that 
the  natural  free  jet  turbulence  is  not  completely  homogenious  but  seems  to  have  ordered  wave  structures. 

As  these  macroscopic  structures  are  coherent  sound  sources,  they  are  effective  and  important  for  noise 
generation.  Furthermore,  these  turbulence  structures  will  have  an  influence  on  the  noise  generating  mecha¬ 
nism  when  the  free  jet  is  interfering  with  solid  bodies.  At  the  Institute  for  Aerospace  Engineering  at 
the  Technical  University  Aachen  the  turbulence  structure  of  free  jets  has  been  investigated  optically  in 
the  high  subsonic  Mach-number  range  which  is  of  interest  for  aircraft  engines  /3/. 

Free  jet  streams  with  nozzle  exit  diameters  between  7  mm  *  d  e  21  rm  were  blown  into  an  anechoic  chamber. 
Spark  Schlieren  photographs  were  taken  using  the  Cranz-Schardin-method  of  cold  air  jets  at  Reynolds  numbers 
Re  =  10®  in  a  Mach-number  range  0.5  <  Ma  *  1.  Because  of  the  short  exposure  time  of  about  2  •  10"'  seconds 
ordered  macrostructures  were  distinctly  visible.  Figure  1  shows  an  example  of  such  structures  /3/.  A  series 
of  photographs  have  been  taken  with  a  time  difference  between  exposures  of  about  ^t  ==  20  .  10"°  s.  In 
these  series  of  pictures  the  structures  can  be  clearly  seen  as  they  are  convected  downstream. 

In  Figure  la  axi symmetric  periodic  structures  can  be  recognized  travelling  downstream  with  a  phase  velocity 
C5{  =  0,63  Vz  {vj  =  jet  exit  velocity).  The  jet  exit  Mach-number  is  Ma  =  0.5. 

The  wavelength  of  the  structures  was  ^5^  =  1.18  •  d  and  the  Strouhal  number  Sj  =  0.54.  The  measured 
Strouhal  numbers  are  varying  around  a  mean  value.  In  Figure  2  such  values  taken  from  many  exposures  are 
plotted  against  the  Mach-number.  A  further  turbulence  mode,  the  first  azimuthal  mode  which  has  been 
predicted  theoretically  by  Michalke  /4/,  can  be  recognized  distinctly  only  for  Mach-number  Ma  >  0.8 
(see  Figure  1b).  This  may  be  caused,  however,  by  the  limited  sensitivity  of  the  optical  apparatus.  Here 
the  ordered  turbulence  structure  surrounds  the  jet  in  form  of  a  spiral.  At  these  Mach-numbers  such  modes 
appear  to  be  alternatively  amplified. 

Both  the  slow  decrease  of  the  Strouhal  numbers  with  increasing  Mach-numbers  and  the  absolute  values  of  the 
phase  velocity  agree  well  with  the  theoretical  results  of  Michalke  /4/.  Figure  2  indicates  that  the  axi- 
symmetric  turbulence  mode  shows  clearly  a  findamental  oscillation  as  well  as  a  first  harmonic.  At  some 
intervals  of  time  only  the  fundamental  can  be  observed,  at  others  only  the  first  harmonic  oscillation. 

Summarizing,  it  can  be  said  that  the  free  jet  shows  distinct  structures  in  the  range  of  high  subsonic  exit 
velocities  which  have  special  importance  for  the  generation  of  noise  caused  by  interference  with  externally 
blown  flaps  (EBF). 


Natural  ordered  structures  of  a  free  jet  /3/ 
a:  axisynrietric  structures  Ma  =  0.5,  *  0.54 

b:  azimuthal  structures  Ma  =  0.9,  =  0.33 

The  dashes  indicate  the  downstream  convection  of  the  structures 

Schlieren  flash-light  photographs  zst  =  20  ps. 
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Figure  2  Strouhal  number  of  the  natural  ordered  turbulence  structures  as  a  function  of  Mach-number 


Interaction  between  Jets  and  externally  biown  flaps  (EBF) 

Investigations  made  by  other  authors,  e.g.,  /6/,  /7/,  as  well  as  the  results  reported  in  the  present  paper 
show  a  considerable  increase  of  the  sound  pressure  level  from  EBF  compared  to  a  free  jet. 

Herein  the  following  phenomena  appear; 

1.  During  their  deflection  by  the  flaps,  the  turbulence  structures  are  exposed  to  unstationary  forces 
which  cause  the  sound  radiation. 

2.  As  explained  later,  this  effect  can  be  reinforced  by  feedback  at  small  distances  between  nozzle  exit 
and  stagnation  point  of  the  flap. 

3.  The  system  of  wing  and  flaps  reflects  a  portion  of  the  sound  waves  which  result  from  the  interaction. 

4.  The  turbulence  generated  in  the  boundary  layer  of  the  flaps  and  by  the  steep  velocity  gradient  in  the 
flap  wake  yields  trailing  edge  noise. 

5.  By  tangential  interference  between  jet  and  flaps  the  scrubbing  effect  appears. 

The  experiments  described  in  the  following  will  show  the  significance  of  the  natural  ordered  jet  turbulence 
for  noise  generation. 

Figure  3  shows  the  experimental  equipment.  Nozzle  of  different  diameters  could  be  moved  in  the  axial  (h) 
and  vertical  (a)  directions. 


Figure  3  Blown  flaps  geometry 
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During  some  experiments  a  central  body  was  placed  in  the  jet  exit  in  order  to  muffle  the  noise.  The  wing 
was  equipped  with  two  flaps  whose  angles  of  attack  a-,  could  be  varied.  The  whole  flap  system  had  a  span 
of  200  mm.  The  turning  point  of  the  microphone  outrigger  was  placed  at  an  axial  distance  of  2  .  d  down¬ 
stream  of  the  nozzle  exit.  The  length  of  the  outrigger  was  r^  =  800  mm. 

In  order  to  investigate  the  influence  of  the  flaps  on  jet  noise  numerous  frequency  spectra  were  measured. 
Figure  4  shows,  for  instance,  the  sound  pressure  level  SPL  of  a  jet  deflected  by  EBF  (h/d  =  7)  as  a  function 
of  the  Strouhal  number.  For  comparison,  the  SPL  of  an  equivalent  undisturbed  jet  is  plotted.  At  the  Strouhal 
number  of  the  first  harmonic  axisymmetric  turbulence  mode  of  the  jet  -  in  this  case  at  =  0.38  -  a  level 
maximum  is  recognizable  for  the  undisturbed  free  jet.  The  flaps  deflecting  the  jet  involve  an  increase  of 
SPL  over  the  total  frequency  spectrum  compared  with  the  free  jet,  the  increase  being  greatest  (namely  about 
20  dB),  however,  in  the  range  of  this  first  harmonic.  It  is,  therefore,  concluded  that  the  turbulence 
structures  have  an  important  influence  on  the  generation  of  noise. 

Such  structures  can  be  recognized  clearly  in  Figure  5  for  a  Mach-number  Ma  *  1.  It  shows  eight  Schlieren 
flash-light  exposures  of  a  jet  deflected  by  EBF  which  have  been  taken  with  a  time  difference  of  At  =  20  ps. 
The  wavelenght  of  the  structures  X-.  and  the  distance  aIc*  which  the  down-stream-moving  structures  covered 
during  At  can  be  measured.  This,  in'^turn,  permits  the  calculation  of  the  phase  velocity  c-t  and  the  StrouhS 
number  S.  of  the  turbulence  structure.  A  physical  interpretation  of  the  SPL  increase  caused  by  EBF  can  be 
given  by^the  deflection  of  the  turbulence  structures  at  the  flaps.  In  that  way  fluctuating  forces  are  gener¬ 
ated  resulting  in  strong  sound  sources. 
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Figure  4  Soectral  distribution  of  SPL  at  undisturbed  free  jet  and  at  deflected  EBF 


.  / 


mm. 


P  < ‘*  -W-  '/•'  •■■ 


w  ■ 


L  » 'll  it/.'. 


J 


■  '  •,-.  i,-< 


‘jf^l  f 

‘"  ■  I ..  ■ 


Figure  5  Ordered  turbulence  structures  of  an  air  jet  deflected  by  EBF 
Schlieren  flash-light  photographs  At  =  20  ps 

Ma  =  1  h/d  =  6  oc.,  =  30“ 

d  =  15  mtn  a/d  =  2.9  oc^  1  =  60“ 

ti2 


The  dashes  indicate  the  downstream  convection  of  the  structures. 
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Reinforcement  of  the  natural  ordered  turbulence  structures  by  acoustic  feedback 

In  earlier  investigations  /3/  it  was  pointed  out  that  an  acoustic  feedback  can  occur  if  a  jet  impinges  the 
ground  in  certain  ranges  of  the  distance  h  between  the  ground  and  the  nozzle  exit  leading  to  noise  with  a 
markedly  increased  intensity.  Using  this  arrangement  the  flowfield.  the  noise  source  intensity  and  the 
noise  radiation  into  the  farfield  was  computed  /5/.  This  feedback  effect  was  found  as  well  in  the  EBF  case. 
It  is  apparently  sufficient  for  the  formation  of  feedback  that  a  solid  body  with  a  certain  area  (the  lower 
flap)  is  situated  in  the  jet.  Feedback  occurs  if  the  distance  between  the  leading  edge  of  the  lower  flap 
and  the  nozzle  exit  is  smaller  than  6  d. 

Figure  6  indicates  a  frequency  spectrum  for  Ma  =  0.8,  d  =  20  mm,  oOi.  =  30°,  ^ 

showing  distinct  peaks  at  four  frequencies.  The  inherent  Strouhal  numbers  S..  =  O.za  and  =  0.32  corre¬ 
spond  to  the  axisymmetric  and  azimuthal  fundamental  oscillation  of  the  free^jet  structures?‘^The  Strouhal 
numbers  =  0.56  and  =  1.12  represent  the  acoustic  feedback  frequency  and  its  first  harmonic  (see 
Figure  2)?'’As  can  be  seen,  the  total  noise  level  is  dominated  by  the  narrow  band  noise  caused  by  feedback 
(Sjj)  because  it  surpasses  significantly  the  general  level  and  can  be  heard  as  a  strong  single  tone. 
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Figure  6  Frequency  spectrum  at  appearance  of  acoustic  feedback  and  natural  structures  simultaneously 


As  is  explained  in  detail  in  Reference  /3/,  feedback  develops  due  to  the  jet  structures  -  deflected  at  the 
stagnation  point  of  the  flap  -  originating  soundwaves.  A  part  of  these  soundwaves  is  travelling  upstream 
in  the  jet  as  in  a  channel  and  reinforces  the  natural  turbulence  structures  considerably.  They  are  then 
convected  downstream  to  the  flaps  as  distinctly  visible  vortices. 

Conclusions 

It  was  shown  that  an  undisturbed  free  jet  of  high  subsonic  Mach-numbers  always  has  ordered  turbulence 
structures.  These  structures  are  very  important  with  respect  to  the  generation  of  noise  by  interference 
with  externally-blown  flaps.  Additionally,  the  discrete  vortices  arising  from  the  turbulence  structures, 
in  case  of  acoustic  feedback,  result  in  considerable  increase  of  noise.  However,  the  acoustic  feedback  can 
be  suppressed  by  simple  means. 


On  the  other  hand,  no  successful  method  could  be  found  at  this  time  to  destroy  the  natural  ordered  struc¬ 
tures  but  this  is  quite  likely  a  necessity  for  the  suppression  of  noise. 
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Abstract. 

The  paper  presents  a  series  of  experiments  done  in  the  near  field  of  the  nozzle 
producing  a  plane  turbulent  jet.  The  jet  opening  is  varied  in  size  and  geometry,  the  exit 
velocity  is  varied  and  the  measuring  device  is  varied  from  an  ordinary  pitot  tube  to  the 
more  sophisticated  double  hot-wire  anemometer  whereby  also  the  Reynolds'  stresses  could  be 
measured.  The  results  are  taken  from  a  series  of  investigations  which  are  being  steadily 
continued. 

The  experimental  data  are  considered  in  the  light  of  theoretical  considerations  which 
start  out  with  an  examination  of  the  classical  boundary  layer  approach.  The  discrepancies 
between  this  approach  and  the  far  field  have  been  touched  upon  by  several  authors,  and  the 
conclusion  is  drawn  that  information  must  be  extracted  from  the  complete  set  of  equations 
governing  the  problem.  For  this  purpose  the  NEUBER  "three  function  approach",  successfully 
applied  to  the  study  of  notches,  is  applied  to  gain  insight  into  the  relations  governing 
the  Reynolds'  stresses.  The  concept  of  self-similarity  is  discussed  and  it  is  shown  why 
the  concept  used  by  Townsend  applies  only  in  the  far  field  of  the  jet.  The  concept  intro¬ 
duced  by  Bradbury  and  Riley  of  two  different  regions  of  similarity  is  not  supported  by  the 
present  approach.  It  is  shown  that  the  data  in  the  near  field  suggest  a  correlation  which 
has  the  linear  spreading  of  the  jet  as  an  asymptotic  behaviour.  It  is  shown  that  this 
similarity  concept  applies  only  to  the  mean  velocities  in  the  near  field,  that  the  Rey¬ 
nolds'  stresses  behave  differently,  the  theoretical  deductions  show  why,  and  a  new  con¬ 
cept  of  propagation  of  disturbances  can  be  applied  to  the  distribution  of  the  Reynolds' 
stresses.  These  results  apply  to  all  the  jets  investigated  so  far,  and  are  also  supported 
by  experiments  of  water-in-water  jets. 
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space  coordinates 
apparent  origin  of  the  jet 

components  in  the  x-,  y-  and  a-direction  respectively  of  the  velocity  v 

the  velocity  of  the  fluid 
velocity  fluctuations 


mean  velocity  components 
pressure 

pressure  at  infinity 

dimensionless  velocity  profile  of  the  jet  l/foj  =  :] 
dimensionless  coordinate  perpendicular  to  the  jet  axis 
half  width  of  the  jet 

half  width  of  the  jet  at  x  = 
centerline  velocity 

exit  velocity  of  the  jet  or  =  U^(x^) 

(with  any  index)  »  constant  of  integration 
velocity  (at  infinity)  perpendicular  to  the  jet  axis 
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normal  stresses  (mean  values  with  bar:  o  , 


•i’i/ 

t 

1/3 

I 

3X 

Q(x) 

V 

P 

= 


F  . 
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shear  stresses  (mean  values  with  bar:  i 

xy’ 


(i  =  1,2,3)  potential  functions 
stress  function 

mass  flow  through  a  plane  perpendicular  to  the  jet  axis 
viscosity  of  the  fluid 
density  of  the  fluid 

3^  /3r^  +  3^  /3t/^  +  3^  /jz^  =  Laplace  operator 
3^  /jx'^  +  3^  /3y^  X  two-dimensional  Laplace  operator 
(i  =  1,2,3)  potential  functions 
dimensionless  x-coordinate 

constants 
jet  parameter 


1.  Introduction. 

The  study  of  the  flow  wi^l_be  based  on  the  socalled  REYNOLDS'  equations  (1694)  for 
the  mean  velocity  components  {UjV,u)  of  the  turbulent  flow  field. 


^  §7  "  ■  If  * 


Du 


3 


p  7^  =  -  4^  +  T  -ou  *u  ' )  *  -py  *u  * )  +  ?—(o  -PC  'u  ' ) 

Dt  33  3x  xz  dyyz  azz 


(1.1) 


In  the  form  presented  here  the  STOKES'  hypothesis  (1845)  connecting  the  stresses  with  the 
gradients  of  the  flow  field  has  not  jet  been  introduced.  This  meats  that  the  question  of 
whether  or  not  the  NAVIER-STOKES '  equations  apply  to  turbulent  flrjws  does  not  have  to  be 
contemplated  at  the  present  stage.  Equations  (1.1)  are  valid  for  turbulent  flow  provided 
the  REYNOLDS'  rules  for  ta)ting  averages  apply. 


With  the  usually  accepted  assumption  that  the  STOKES'  hypothesis  apply  also  in  the 
turbulent  case,  the  stresses  may  be  given  as  the  sum  of  a  "laminar"  and  a  "turbulent" 
contribution,  the  latter  called  the  Reynolds'  stresses: 
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The  theoretical  treatment  suggested  for  tlie  study  of  the  plane  turbulent  jet  will 
be  based  on  these  equations  and  the  assumptions  they  imply. 


2.  An  examination  of  the  boundary  layer  approach 

The  plane  turbulent  jet  has  been  subjected  to  investigation  by  a  number  of  authors 
of  whom  only  a  few  will  be  referenced  here.  TOLLMIEN  (1926)  was  the  first  one  who  estab¬ 
lished  a  solution  based  on  Prandtl's  mixing  length  theory  by  assuming  the  flow  to  be  of 
the  boundary  layer  type.  This  last  assumption  seems  to  have  found  recognition  by  later 
authors,  and  is  one  of  the  conclusions  which  will  be  challenged  subsequently.  TOWNSEND 
(1956)  undertook  extensive  experimental  investigations  of  the  closely  related  wa)<e  flow 
and  gave  a  survey  of  it  in  his  boolt .  Some  of  his  conclusions  it  is  hoped  will  be  put  in 
a  different  perspective.  REICHARDT  (1942)  made  an  attempt  to  start  on  a  different  basis 
than  TOLLMIEN  (1926),  but  although  his  approach  bears  resemblance  to  the  present  line  of 
reasoning,  they  differ  in  physical  concepts.  VAN  DER  HEGGE  ZIJNEN  (1947),  seems  to  have 
made  the  most  reliable  measurements  and  included  both  heat  and  mass  transfer  in  his  in¬ 
vestigation.  More  recently  BRADBURY  and  RILEY  (1967)  examined  the  jet  and  drew  conclu¬ 
sions  which  will  be  commented  on  later. 

The  basic  equations  of  the  problem  are  obtained  from  (1.1)  by  assuming: 

1)  The  flow  is  two-dimensional;  v  =  J  ,  —  =  . 

2)  Ju  /3x  cc  M  ,,  (2.1) 

i  ay 

3)  p  =  constant 

where  ,.  and  represent  the  sum  of  "laminar"  and  "turbulent"  contributions  as  given  in 
(1.2)  arid  (l.ST*^  The  first  assumption  (2.1)  leads  to  neglection  of  the  third  equation 

(1.1) ,  the  third  assumption  (2.1)  leads  to  t)ie  neglection  of  the  second  equation  (1.1)  and 
the  second  assumption  (2.1)  leads  to  the  following  simplification  of  the  first  equation 

(1.1)  : 

i-  Z  ^ 

3y  (2.2) 

i  3  y 

-r-  +  ^  =  t’ 

where  the  equation  of  continuity  has  been  added.  In  order  to  close  this  system  a  pheno¬ 
menological  relationship  of  some  sort  is  needed.  TOLLMIEN  (1926)  used  Prandtl's  mixing 
length  at  this  point.  However,  the  attention  will  here  be  fixed  on  the  one  common  feature 
of  all  investigations  mentioned  above;  the  experimentally  recognized  existence  of  a 
universal  velocity  profile.  This  profile  will  exist  with  or  without  a  moving  secondary 
flow,  and  may  be  expressed  as  follows: 

If  is  the  velocity  of  the  mowing  secondary  flow  and  is  the  centerline  velocity 
of  the  jet,  then  the  velocity  profile  is  given  as 


■  ”  ■■  =  f(t)  where  n  =  y/b,(x) 

,•^00  * 


where  n  represents  a  non-dimensional  transverse  distance  where  is  the  socalled  "half 

width",  i.c.  the  value  of  y  for  which  u  is  equal  to  This  special  form  is  adopted 

here  to  facilitate  the  application  to  experimental  evidence. 

This  experimentally  observed  "universal  velocity  profile"  seems  to  be 
in  fact  the  only  consistent  phenomenological  relationship  which  may  be  extracted  from  tlie 
experimental  evidence  presently  )tnown.  The  question  of  "selfpreservation"  discussed  by 
TOWNSEND  (1956)  as  well  as  by  BRADBURY  and  RILEY  (1967)  will  enter  the  problem  at  a  later 
stage,  but  does  not  change  the  statement  in  (2.3). 

The  universal  velocity  profile  will  here  be  used  in  the  form 

Z  -  b  (x)fin)  (2.4) 

c7 

where  x  is  the  coordinate  along  the  axis  of  the  jet  and  y  is  the  transverse  coordinate. 

The  function  ffn)  is  a  "bell-shaped"  curve,  which  so  far  remains  unspecified,  but  which 
for  computational  purposes  later  may  be  assumed  given  as 

f(n)  =  (2.5) 

in  accordance  with  REICHARDT's  approach. 

With  the  acceptance  of  _(2.4),  it  immediately  follows  from  the  continuity  equation 
that  the  transverse  velocity  v  must  be  given  as 
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V  -  -  b^CxJ]  f  f(s)dB  *  U^(x)  n  /Cn 


(2.6) 


One  finds  from  this  expression  that  the  velocity  u  does  not  vanish  when  n  a  fact  that 

will  be  of  physical  significance  in  conclusions  to  be  drawn.  The  fact  that  the  introduc¬ 
tion  of  a  universal  velocity  profile  (2.4)  determines  u  and  D  will  now  in  view  of  (2.2) 
lead  to  the  following  expression  for  3t  /iy 


,  du  U  (x)  j  n 

IT  -  bTTTT  h  fls>ds 
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(2.7) 


This  expression  may  in  view  of  (2.3)  be  integrated  once: 

dv _  j  1  n 
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(2.8) 


It  is  a  matter  of  routine  algebra  to  show  that  the  condition  of  vanishing  shear  stress 
at  >1  =  “  may  be  expressed  as: 


i  ij  •’ 


fx) 


(2.9) 


This  is  in  complete  agreement  with  the  generally  accepted  behaviour  of  a  plane  jet  where 
the  centerline  velocity  Ij  ~  x~i  and  the  half  widt  ~  i.  Even  so,  certain  further  con¬ 
sequences  of  the  similarity  concept  must  be  explored. 

Introduction  of  (2.9)  into  (2.6)  gives  the  following  expression  for  x>; 

''''  JX^  fisjds  -  £r)/'r|)| 


(2.10) 


At  n  -  ®  one  will  thus  have  a  velocity  which  is  given  by 

-2  di 


V  = 


(xJ 


as 


(2.11) 


The  magnitude  of  this  influx  velocity  depends  thus  on  the  centerline  velocity  and  on  the 
form  of  the  non-dimensional  velocity  profile  fin). 

At  this  point  one  may  for  a  moment  re-examine  the  basic  assumptions  (2.1)  and  con¬ 
clude  that  if  the  boundary  layer  concept  is  excluded  but  the  assumptions  in  (2.1)  are 
maintained,  the  equations  of  motion  will  reduce  to: 
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(2.12) 


The  first  one  of  these  equations  is  identical  to  (2.2)  already  used  to  obtain  the  results 
(2.10)  and  (2.8).  A  proper  combination  of  these  latter  equations  combined  with  (2.9) 
leaves : 


7  r  ^ 
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P  xy  U  ^  dx 


(2.13) 


How,  the  second  equation  (2.12)  is  reformulated  by  means  of  the  continuity  equation 
leaving 
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(2.14) 


For  the  previously  established  expression  (2.13)  for  the  shear  stress  to  be  compatible 

with  this  equation,  the  following  condition  must  be  satisfied:  " 
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(2.15) 


Introduction  of  the  expression  (2.10)  for  v  into  this  equation  will  split  it  into  the 
following  two  equations: 
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(2.16) 


2  n  r  n 

f(n>  +  /  f(sjds  *  2r\f(r\)  j  f(e)d8  -  0 

o  o 


(2.17) 


where  3  is  an  arbitrary  constant.  One  has  thus  found  two  equations  for  the  determination 
of  the  two  unltnown  functions  U^(x)  and  f(r]J.  The  solution  of  (2.16)  may  be  expressed  as 

i^(xJ  =  *  2^6fx-x^Jl~^''^^  (2.18) 


where 


X  -  is  the  distance  downstream  of  the  jet  orifice  at  which  location"^ 
the  velocity  profile  is  fully  developed 

o'  -  U^(x  J  is  the  centerline  velocity  at  x  x  x 
o  c  o  *  o 


do 

a 

IT 


is  the  slope  at  x  x  x  of  the  curve  U  (xj 

^  O  Q 


(2.19) 


It  is  noted  that  the  value  B  -  1  corresponds  to  the  experimentally  accepted  decay 
of  the  centerline  velocity  with  increasing  values  of  x.  With  this  value  of  6  the 
solution  to  (2.17)  is  easily  found  by  introduction  of  the  function  defined  by; 

n 

ffnj  -  /  f(s)ds  .  F'(n)  =  f(r,)  (2.20) 

(? 

which  transforms  (2.19)  into 


FF'  +  2nF'^  *  2r\FF"  =  0  (2.21) 

with  the  solution 

F  X  Cjfn*  *  (2.22) 


Here  and  n  are  constants  of  integration  and  6  has  been  put  equal  to  1.  The  universal 
velocity  profile  is  then  determined  from  (2.20): 
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(2.23) 


This  result  does  in  no  way  resemble  the  bell-shaped  velocity  distribution  (tnown  from  ex¬ 
periments.  It  fails  completely  at  n  x  and  even  for  large  values  of  n  its  validity  as 
an  asymptotic  expression  must  be  further  examined.  One  may  therefore  return  to  the  basic 
equations  (2.12)  and  conclude  that  the  neglection  of  normal  stresses  leading  to  these 
equations  was  not  a  warranted  assumption. 

The  expression  (2.18)  for  the  centerline  velocity  is,  with  6  =  J ,  in  complete  agree¬ 
ment  with  experimental  evidence,  it  introduces  an  origin  of  the  independent  variable  in 
the  streamvise  direction  which  is  determined  by  the  conditions  set  by  the  jet  orifice  and 
it  allows  for  a  correct  slope  at  this  point  of  the  function  U  (x)  giving  the  centerline 
velocity.  This  agrees  very  well  with  the  considerations  of  ABRAMOVICH  (1963)  and  conforms 
well  with  observations  by  2IJNEN  (1947/49).  One  may  however  contemplate  the  fact  that  this 
agreement  is  found  in  spite  of  the  unwarranted  assumptions  being  made. 

At  this  point  it  is  perhaps  convenient  to  call  attention  again  to  the  investigation 
by  JOHNSON  and  WEINSTEIN  (1963) .  The  authors  find  here  departure  from  the  accepted 
relationship  U^fx)  ~  and  proceed  to  loo]t  for  explanations  to  this  discrepancy.  If 

one,  however,  applies  the  result  of  the  careful  study  made  by  ZIJNEN  [(1947)p.  264]  on 
the  conditions  for  the  two-dimensionality  of  the  experimental  jet  to  be  maintained,  one 
will  find  that  the  authors'  own  experimental  data  support  the  x~^f-law  in  the  region  where 
this  conditions  is  met.  Their  discrepancy  occurs  outside  this  region  where  consequently 
the  two-dimensionality  of  the  jet  is  in  doubt. 

The  investigations  by  BRADBURY  and  RILEY  (1967)  indicate  a  change  in  the  jet  spread¬ 
ing  and  the  centerline  velocity  with  increasing  distance  along  the  jet.  Thus  two  different 
regions  of  self-preserving  flow  are  suggested.  This  contention  will  be  examined  at  a 
later  stage.  The  conclusion  for  the  moment  seems  to  be  that  an  investigation  based  on 
the  complete  set  of  equations  is  inevitable. 
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3.  The  basic  equations  for  two-dimensional  turbulent  flow. 


The  deductions  so  far  has  led  to  the  need  for  an  approach  to  two-dimensional  turbu¬ 
lent  flow,  in  which  the  basic  equations  are  used  without  serious  simplifications  being 
introduced. 

Following  PERSEN  (1976)  one  will  find  that  (1.1)  may  be  rearranged  as  follows: 


s^Io^-p-pa'u  '-pu'  1  *  '-pup]  +  'u  '-puu]  -  0 


dz  ‘  xz 


|^[r^^-pirTIP--p;5]  *  |_[3^-p-p7V-ppM  *  =  0  .  (3.1) 

’-puu]  >  -t^^-pv  'u  ’-pvu]  +  "l^lo^-p-pu  'w  '-pu^  ]  =  0 

These  are  the  equations  of  dynamic  equilibrium  in  the  d'Alembert's  sense,  where  the  terms 
of  the  type  pD*,  etc.  represent  the  inertia  forces  which  here  appear  as  stresses.  These 
equations  of  dynamic  equilibrium  will  be  identically  satisfied  if  one  introduces  the  flow 
function  and  the  3  potential  functions  (fj,  (ti  and  i)i,  such  that: 


-  pu  'u  ' 

-  PU^ 

.  lls 

3)/" 

3z  ^ 

34 

34j 

-  pv'v' 

-  pu^ 

34 

a(^ 

34j 

3z^ 

3x2 

3z 

-  po'u' 

-  PU^ 

3^i|i 

^  Hi  * 

34, 

34 

1 

3;/' 

az 

3x 

T  -  pu'y'  -  puv 

xy 


^2,,  34  34 

1-^  y.  a(^  *  ■^) 
dxdy  dx 


T  -  PV'W'  -  QVW  =  -  V  'X  *  Ol('K -  - ) 

yz  dy^z  dz  ^y 


X  pu  U  ’  “  DUU  = 

zx 


^2,1 

3lli  ‘^^JT  *  3^-’ 


This  is  in  complete  accordance  with  what  NEUBER  (1958)  calls  "his  three-functions-approach" , 
and  it  is  easily  shown  that  if  (3.2)  and  (3.3)  are  satisfied,  the  3  equations  of  dynamic 
equilibrium  are  identically  satisfied  provided 

V^4j  =  0  ,  7^4j  -  0  ,  =  0  (3.4) 

_One  may  now  use  this  approach  to  investigate  the  two-dimensional  case  in  which  w  ^  0 
and  3w/3z  3p/3z  =  0.  According  to  (1.2)  and  (1.3)  the  situation  will  then  be  such  that 

the  only  mean  stress  components  which  are  different  from  zero  will  be  a  and  i  . 

Thus  one  will  have  the  following  expressions  for  the  Reynolds'  apparent  stresses:  ^ 


-pu  ' u  '  =  pu^  -  2uy-  +  p 


•py'u'  =  pp* 


3  ■■jj) 

^  Hi  * 

902 

943 

^y" 

dz^ 

‘  3x 

3» 

dz  ' 

lit 

^  Ht  ^ 

34  j 

943 

94  j 

83  ^ 

3x2 

“‘^39 

3s 

3x 

324 

*  Hi  ^ 

3(i> 

34, 

34  j 

3x2 

3y" 

'  3z 

3a: 

31/  ' 

and 
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--  . 3 V 1 

-  puy  - 

“  *  IF'’ 

-pu'  V  ' 

aydz  dz  ay 

-pv’uj  ' 

- 

3  2  111 

-plplp’ 

•5^  “'’•55“  *  JT- 

(3.6) 


These  equations  reveal  how  the  Reynolds  stresses  pu’o’j  pv  'u *  and  pu  'u '  may  vary  with  the 
space  coordinates  (x,y,s)  even  in  a  situation  which  offhand  seems  to  be  purely  two-dimensio¬ 
nal.  If  one  adds  the  condition,  that  all  derivatives  with  respect  to  z  vanish,  one  obtains 
the  following  expressions  for  the  Reynolds*  stresses  usually  considered  in  a  two-dimensional 
case 


-pu ' 

HP' 

=  pH*  ■ 

0 

■ 

•f 

p  + 

l!±  ^ 

^  2 

r  '■! 

3u 

3*ili 

3*, 

3(|) 

-pu" 

'u' 

=  pu^  - 

-  21^37 

■f 

p  + 

- 2-  + 

3z* 

3x  • 

.du 

3u  , 

3  *i)i 

3(t> 

1 

-piT' 

^u ' 

-  puu  - 

- 

* 

3i3!^ 

(3.7) 


One  is  here  in  the  position  to  conceive  of  the  flow  function  i|)  as  a  modified  Airy's  stress 
function  for  the  Reynolds  apparent  stresses  in  a  two-dimensional  turbulent  flow.  One  of 
the  main  objectives  of  the  flow  function  ip  and  the  potentials  i)i,  and  ip,  is  to  satisfy  the 
boundary  conditions.  Eqs.  (3.7)  thus  indicate  why  it  is  not  conceivable  within  the  present 
approach  to  relate  the  Reynolds  stresses  exclusively  to  the  mean  velocity  field  without 
interference  from  the  boundaries.  On  the  other  hand  it  may  be  regarded  as  a  step  forward 
that  this  interference  is  now  singled  out  and  expressed  through  the  flow  function  i)/ . 


4.  The  plane  turbulent  let. 

With  the  results  obtained  in  the  preceding  section,  the  problem  of  the  plane  turbulent 
jet  is  again  to  be  considered.  It  should,  however,  be  noted,  that  although  the  ultimate 
aim  is  to  use  these  results  to  establish  expressions  for  the  Reynolds  stresses  which  agree 
with  experimental  evidence,  several  previous  considerations  will  have  to  be  reexamined 
before  any  conclusions  can  be  drawn.  For  that  purpose  the  steps  of  Sec.  2  will  be  retraced. 

The  first  assumption  of  a  universal  velocity  profile  given  in  the  selfpreserving  form 
(2.3)  is  so  well  founded  on  experimental  evidence  that  it  must  be  accepted.  As  a  conse¬ 
quence  of  the  continuity  equation,  the  transverse  velocity  component  i>  will  then  be  given 
as  (2.6),  from  which  it  follows  that  this  velocity  component  at  n  "  will  have  the  value 
where 

j 

v„  =  -  ffeJde  (4.1) 

o 

Here  it  has  been  assumed  that  lim  [n/(n)]  =  0 


The  next  step  in  the  previous  deduction  was  to  compute  the  shear  stress  from  the  simplified 
equation  of  motion.  Demanding  that  this  shear  stress  vanish  as  n  one  was  led  to  the 

relation  (2.9)  between  U^(x)  and  bj^(x) ,  which  was  stated  to  be  in  agreement  with  experimen¬ 
tal  evidence. 

This  latter  line  of  reasoning  cannot  be  used  in  the  present  case  where  the  complete 
equations  are  to  be  used  and  -ixy  thus  cannot  be  found.  One  may  however  pursue  the  follow¬ 
ing  line  of  reasoning: 

The  full  equations  of  motion  will  be  given  as 


f-  3u 

J  u  *#* 

p  1^]  - 

-  i£ 

3o 

+  — E  + 

3t 

_ ££ 

[  3x 

^y\ 

3x 

3x 

^y 

1=  n  * 

-  3vl 

^y\  " 

-  i£ 

•iy 

3t 

+  _££ 
dx 

3o 

*  -5/ 

where  the  stress  components  are  given  in  (1.2)  and  (1.3).  The  lefthand  sides  of  these 
equations  are  now  expressible  in  terms  of  Vq(x)  and  bi^fx)  as  well  as  f(r\)  and  its  deriva¬ 
tives.  It  is  then  possible  to  draw  the  following  conclusions: 


1.)  If  the  terms  appearing  on  the  lefthand  side  of  the  equations  are  not  of  equal 
Importance,  one  has  found  a  proper  way  of  simplifying  the  equation. 
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2.)  If  the  terms  are  of  equal  importance  this  leads  to  conditions  which  may  be 
stated  as 


b^(x)  -  C*[U 
U  (x)  -  CC,x  +  C  ) 

O  1  I 


(4.3) 


* 

where  C  jC^,C^,a  and  y  are  constants.  With  the  proper  choice  of  these  constants 
a  complete  agreement  with  the  results  (2.9)  and  (2.18)  of  the  simplified  approach 
is  obtained.  The  justification,  however,  is  changed. 


For  the  further  deductions  tl^(x)  will  be  used  in  the  form  (2.'18)  with  B  -  I. 


U  (x) 
a 


n 

u 


(x-x^)] 


(4.4) 


The  half  width  i ^  will  then  accordingly  be  expressed  as: 


b;^(x) 


1  + 


2\.  . 

o 


(4.5) 


where  is  the  value  of  at  x  =  x^ . 

The  function  f{r\)  is  supposed  to  be  normalized  such  that  fiO)  =  1  thus  leaving 
as  the  centerline  velocity.  _The  "half  width"  b,  of  the  jet  is  supposed  to  be  that  value 
of  y  for  which  the  velocity  u  =  V^/2.  ’ 


One  will  further  find  in  view  of  (2.4)  and  (2.10) 

*■  -* 

V  =  [ ■(  +  -  2r|/('r|.*| 

L  ^  J  ) 


(4.6) 


5.  The  boundary  conditions. 

Having  more  or  less  exhausted  the  information  inherent  in  the  similarity  concept  in 
view  of  the  basic  equations,  the  boundary  conditions  are  drawn  to  attention. 

1.)  From  the  definition  of  n  (2.4)  and  of  (4.5)  one  finds  that 

r\  0  for  X  ->■  <»  (with  fixed  value  of  y) 

n  -►  0  for  y  =  0  t  (5.1) 

>  (with  fixed  value  for  x  ) 

n  -*•  "  for 


2.)  The  non-dimensional  velocity  component  u  is  given  by  the  function  f(T))  which  so 
far  is  unicnown.  It  satisfies  the  following  boundary  conditions 


f(0)  =  1  (at  either  j/  =  0  or  x  =  ”) 
/(<”)  =  0  (at  y  =  •*>) 


(5.2) 


As  shown  already  (eq.(4.1))  its  behaviour  for  large  values  of  the  argument  is 
assumed  such  that 


lim  (r\f(T\))  =  0  (5.3) 

r)-M» 


Finally 

00 

/  f(r\)dr\  =  K  (5.4) 

o 


where  k  is  a  constant  which  may  be  zero  or  finite. 

3.)  The  mass  flow  Q(x)  through  a  plane  perpendicular  to  the  jet  centerline  at  an 
arbitrary  position  x  may  be  expressed  as 

00  00 
Q(x)  =  2j  udy  =  21)  (x)  t>,(x)  j  f(r\)dT\ 
o  ’  o 


(5.5) 


of  the  let.  This  is  an  Inescapable  conclusion  as  long  as  the  relations  (4.4) 
and  (4.5)  for  V^(x)  and  bj^(x)  are  upheld. 

Since  this  result  seems  somewhat  unaccepteible  on  physical  grounds,  two  different 
approaches  seem  open  for  a  resolution  of  the  problem: 

a. )  One  may  assume  k  in  (5.4)  to  be  equal  to  zero.  This  means  assuming  a  recircula¬ 

ting  flow  with  no  fluid  entering  or  leaving  through  the  boundaries  x  =  x^,  x  = 
y  -  ±<»,  and  Q(x)  =  0  at  any  value  of  x. 

b. )  In  accordance  with  the  contentions  of  BRADBURY  and  RILETY  (1967)  one  may  assume 

two  regions  of  similarity,  each  with  different  relations  between  V  (x)  and 
b^(x) 

The  subsequent  deductions  will  however  be  carried  out  assuming  only  case  a)  above.  Appro¬ 
priate  comments  on  case  b)  will  be  given  later  as  will  the  comments  by  KOTSOVINOS  (1978a, b) 


6.  The  similarity  regions. 

If  one  assumes  the  similarity  of  the  flow  to  be  governed  exclusively  by  (4.4)  and 
(4.5),  it  follows  that  k  in  (5.4)  must  be  equal  to  zero.  A  recirculating  flow  will  be 
the  consequence  and  the  non-dimensional  velocity  f(r\)  may  then  be  given  as  s)cetched  in 


Ftg,  1  Sketch  of  the  velocity  profile  with  pecirculation 

The  following  non-dimensional  distance  along  the  jet  axis  is  now  introduced 

e  =  (x-x^)  (6.1) 

o 

The  centerline  velocity,  the  half  width  and  the  velocity  components  are  then  expressed  as 
b!^(K)  -  (1  * 

V^(V  = 

■  (6.2) 

I  =  U^d  +  fd,) 

V  =  -  (1  +  Cr*  j?  f(8)dB  -  2n/(n7} 


The  assumption  is  furthermore  that 
00 

/  f(e)de  =  0 


This  represents  the  basic  similarity  conditions  and  consequently  the  "laminar"  stresses 
of  the  flow  field  will  be: 
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3^  -  2u  ||  -  -2y\[2  +  {f(n)  * 

Oy  =  2u  ^  -  i-2v\[I  +  {f(r,)  +  ^t^f'(r))] 

^  {f(rj-2<^[2v,f(n)*2r^^f'(r,)-h)f(8)de]] 

a  »  o 


(6.4) 


where  the  parameter  U  has  been  introduced.  It  characterizes  the  jet  at  i  =  x  ((,  -  0) 
and  is  defined  as  ° 


S  =  (6.5) 

It  is  realized  that  these  stresses  decay  with  increasing  values  of  5  according  to 
the  -3/2  law.  The  way  in  which  the  Reynolds  stresses  decay  may  now  be  deduced  by  means 
of  the  results  in  Sec.  3. 


One  may  start  with  assuming  t);,  *3  to  be  independent  of  z,  and  continue  by 

sxibtracting  the  last  of  eqs.  (3.5)  from  the  first  ones.  Thus: 


-pu*u'  * 
-pv'v'  + 

-pu'v’  - 


pu  'w  '  -  pu 


-  +  2(3t-5r - 


pu'u'  =  pv^  -  2y-T^  -  ^ 


34, 


3a 


2a- 


3a  ^ 


,3u  ^  3u,  3^^ 

-  ^^3^  ^  -  373^ 


*  a  ( 


3a 

34 

3a 


34, 


(6.6) 


where  the  last  equation  is  a  reproduction  from  (3.7).  Since  the  velocities  as  well  as 
the  mean  stresses  have  been  shown  to  be  of  the  similarity  type  it  seems  a  reasonable  as¬ 
sumption  that  this  holds  also  for  the  functions  4j  and  4^ ,  and  it  may  even  be  extended  to 
apply  to  4j: 

4^.  =  (1  *  (6.7) 

Realizing  that  4.  are  potential  functions  satisfying  (3.4),  it  is  easily  shown  that  F(r\) 
consequently  must  be  determined  by  the  differential  equation: 

d^F.  dF . 

- -  +  2(ti*l)  F.  =  0  (6.8) 

o  ^2  dn  i 


where 


=  1/2N 


(6.9) 


The  differential  equation  (6.8)  is  closely  related  to  the  differential  equation  for 
the  Legendre  functions.  However,  the  solution  to  this  equation  in  general  will  not  be 
pursued  here,  and  only  the  following  remar)c  will  be  made  at  present.  For  8  =  0  the 
equation  is  simplified  and  the  following  solution  is  found: 


F 


(o) 


aratan 


(6.10) 


Here  B  and  B  are  constants  of  Integration  and  F  has  been  given  a  superscript  to  indicate 
the  value  of  B  for  which  it  is  valid.  From  (6.7)  and  (6.10)  one  will  find  that  in  this 
case 


3 


iv 


3* 


2XB, 


-(1  *  V 


2X8 


-(1  *  V 


1 


(6.11) 


At  this  point  the  necessary  preparations  have  been  made  to  draw  some  conclusions. 
The  attention  is  fixed  on  the  way  in  which  the  terms  in  the  expressions  for  the  Reynolds' 
stresses  decay  with  increasing  distance  downstreams  (increasing  values  of  a . 


One  observes  first  that  the  normal  Reynolds'  stresses  pu'u',  pv'v  *  and  pu)  'u '  must 
decay  in  the  siune  way  with  distance  downstreams  since  any  other  assumption  would  lead  to 
the  conclusion  that  regions  of  plane  stress  occur.  The  two  first  equations  of  (6.6)  may 
then  be  used  to  contemplate  how  these  Reynolds'  stresses  decay.  Because  of  the  initial 
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assumption  t-Jiat  the  mean  velocity  profile  exhibits  self-similarity,  the  way  in  which  the 
terms  on  the  right-hand  side  oj  (6.6)  decay  is  known  except  for  the  function  v.  It  is 
easily  shown  that  the  terms  pu  ,  pi!^,  and  3(ji^/3j/  decay  with  (1  +  Furthermore 

the  viscous  stresses  have  been  shown  In  (6.4)  to  decay  with  (1  +  liven  though  the 

decay  of  the  function  iti  is  not  known  one  may  conclude  that: 

the  Reynolds'  stresses  are  expressed  through  terms  which  decay  at  different  rates 
with  increasing  values  of  5.  Thus,  if  one  is  looking  for  the  type  of  "self- 
similarity"  that  TOWNSEND  (1956)  is  considering,  one  will  have  to  proceed  so  far 
downstream  that  the  viscous  stresses  have  become  insignificant  compared  with 
the  other  terms  that  decay  more  slowly.  This  shows  also  up  in  the  results 
obtained  by  HESKESTAD  (1965). 

A  final  remark  ought  to  be  made  with  respect  to  the  second  region  of  similarity 
Introduced  by  BRADBURY  and  RILEY  (1967).  The  deduction  of  the  differential  equation  (6.8) 
utilizes  the  relation  between  b^(x)  and  U^(x)  as  expressed  in  (6.2).  This  is  changed  in 
the  second  region  and  consequently  a  self-similar  solution  for  4-  is  not  feasible  in  this 
region.  This  is  here  used  as  a  justification  for  disregarding  it  for  the  time  being  . 


7.  The  near-field  of  a  plane  jet,  evaluation  of  experimental  data. 

The  experimental  set-up  used  in  all  cases  to  be  referred  to  here  is  schematically 
shown  in  Fig. 2. 


Fig.  2.  Sohumatiaal  expoeition  of  the  experimental 
set-up. 


U 


Fig.  3.  Velocity  profile  (•)  with  the  parabola 

and  the  straight  lines  determining  and 
bj^  respectively. 


The  plane  jet  is  produced  by  a  slit  of  height  h  and  length  L=100  cm  through  which  a  jet 
of  air  is  produced.  The  exit  velocity  U  of  the  jet  is  assumed  evenly  distributed  over 
the  slit  height.  The  geometry  of  the  slit  is  either  characterized  through  sharp-  or 
rounded  edges.  This  will  presumably  influence  the  Reynolds'  stresses  and  hopefully  give 
rise  to  a  methodical  characterization  of  the  jet. 


The  profiles  are  traversed  at  I ,  II,  a.s.o.  and  the  following  quantities  are  measured 
at  each  statlon:u,  V,  u'u' ,  v  'v  ’  and  u'v' .  Based  on  the  dimensions  h  and  L  of  the  slit, 
ZIJNEN  (1947)  gives  the  limits  within  which  the  flow  will  remain  two-dimensional,  and  the 
position  of  the  profiles  were  chosen  accordingly.  The  experimental  evidence  to  be  presented 
here  is  obtained  in  a  series  of  experiments  in  which  values  of  the  slit  height,  exit  velo¬ 
city  and  orifice  geometry  were  varied. 


The  measurements  will  give  velocity  profiles  as  sketched  in  Fig. 3.  (•  Data  points). 
Through  the  data  points  a  parabola  is  fitted  using  only  the  points  in  the  neighborhood  of 
the  maximum.  The  best  fit  will  give  the  constants  V y  and  y^  of  the  parabola: 


+  1 


(7.1) 


where  U  is  the  centerline  velocity,  y  is  the  position  of  the  centerline  and  y^  is  the 
length  with  which  the  p-coordlnate  is  iMde  dimensionless. 

Knowing  now  the  maximum  amplitude  Vg  of  the  velocity  profile,  one  may  proceed  to 
determine  l.e.  the  width  at  which  the  profile  exhibits  half  its  maximum  value.  This 
is  done  by  fitting  straight  lines  though  the  data  points  close  to  this  value  as  shown  in 
Pig. 3.  From  each  velocity  profile  then,  the  following  data  will  be  available: 
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X  ,  the  position  downstream  where  the  profile  has  been  obtained 
y the  position  of  the  centerline 

the  characteristic  length  of  the  profile 
U^,  the  centerline  velocity 

the  half-width  of  the  profile 


These  quantities  are  now  to  be  considered  the  "data"  of  one  experiment. 


It  is  accepted  that  the  velocity  profiles  are  presumably  self-similar,  although  a 
generally  valid  form  for  these  self-similar  profiles  has  not  emerged.  REICHARDT  (1942) 
has  proposed  the  following  expression 


u(x,y)  =  U  x)  exp  (-OLT)^  J 
an^  -  0.633(y/bj^)^ 


(7.2) 


This  implies  that  the  characteristic  length  j/*  (used  to  non-dimensionalize  the  {/-coordinate) 
is  proportional  to  or 


=  VTrr~S  =  0.8326S 


(7.3) 


Since  both  and  jy,  have  been  obtained  from  the  velocity  profiles,  their  ratio  is  computed 
and  the  agreement  with  the  value  of  (7.3)  is  rather  good.  This  may  be  Interpreted  as  an 
indication  that  the  Reichardt  expression  (7.2)  may  be  used  as  an  approximation  when  needed. 
The  test  indicates  a  fair  agreement  irrespective  of  opening  heights,  exit  velocities  or 
orifice  geometry,  and  is  based  on  the  average  value  of  the  ratio  for  all  profiles  in  each 
series . 


The  next  step  one  can  talce  is  to  examine  the  more  or  less  generally  accepted  x-depen- 
dence  of  and  U^,  expressed  as 


This  means  that  the  product  ought  to  be  a  constant,  and  for  all  profiles  this  product 

is,  within  the  accuracy  of  the  experiment,  indeed  a  constant.  This  does  not  necessarily 
mean  that  the  relations  (7.4)  are  true,  but  one  can  note  as  a  first  result  of  these  experi¬ 
ments: 


The  relationship 

1/  (7.5) 

seems  to  have  found  experimental  support 
(See  Eq.(2,ll)  even  for  the  near  field  of 
the  fet. 


Further  investigations  of  the  experimental  evidence  indicates  that  the  relations 
(7.4)  as  well  as  the  assymptotlcally  valid  expression  (4.10)  must  be  replaced  by  a  more 
complex  expression  in  the  near  field.  The  expression  to  be  proposed  as  a  fair  represen¬ 
tation  of  experimental  evidence  is  given  as 


char 


(7.6) 


where  bj^  is  the  half  width  at  x  -  x  ,  i.e.  at  the  location  nearest  to  the  orifice  where 
(7.6)  may  be  applied.  For  x  <  x  the°jet  is  still  so  much  Influenced  by  the  orifice  geo¬ 
metry,  that  no  general  feature  can  be  expected.  For  x  >  x  it  is  hoped,  that  the  expres¬ 
sion  (7.6)  can  be  used  irrespective  of  orifice  geometry,  exit  velocity  or  slit  height,  and 
that  consequently  the  Influence  of  these  factors  can  be  expressed  through  the  three  con¬ 
stants  of  the  expression,  x  ,  ^nkar  This  idea  is  in  Iceeplng  with  the  ideas  brought 

forward  by  BRADBURY  and  RILEY  (1967),  but’it  carries  one  step  further,  because  of  the 
implications  of  the  attempt  to  express  the  influence  of  the  factors  mentioned  above  through 
3  constants . 


At  this  point  experimental  evidence  is  conveniently  drawn  to  attention.  The  degree 
to  which  the  u-component  satisfies  the  similarity  property  is  extremely  good  and  even  in 
water  the  results  are  satisfactory  in  this  respect. 
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Fig,  4.  The  centerline  velocity  U  and  the  half 
width  fcr  as  a  function  oj  the  distance  x 
from  the  orifice  (obtained  in  an  air  jet) 


of  proportionality  depend  of  the  shape  of  the 
orifice.  The  actual  numbers  are  given  in  (7.7) 
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S.8S  h  (rounded  edge) 
4.11  h  (sharp  edge) 

0.660  h  (rounded  edge) 

0.4S7  h  (sharp  edge) 
4.02  h  (rounded  edge) 
3.41  h  (sharp  edge) 


I-  (7.7) 


The  correlation  (7.6)  has  now  been  verified 
experimentally  and  as  a  cosequence  of  (7.5)  one 
obtains 

(7.8) 


where 


Fig. 4.  reveals  how  the  data 
obtained  in  one  series  of  experiments 
with  an  air  jet  conform  with  the 
expression  (7.6) .  In  addition  the 
variation  of  the  centerline  velocity 
U  with  the  downstream  distance  x 
is  shown  [See  (7.8)]. 


The  classical  result  that  the 
parameters  of  the  jet  do  not  seem  to 
correlate  with  the  jet  Reynolds  number 
Re  -  V^h/v  is  verified  (0^  =  exit 
velocity  in  the  jet  orifice  and  h  = 
slit  height)  .  ..This  indicate  that  all 
data  ought  to  be  correlated  through 
the  geometry  of  the  jet  orifice.  The 
result  of  such  a  correlation  is  shown 
in  Fig.  5.  It  reveals  how  the  three 
parameters  x^,  L,  and  by°' sxe  all 
proportional  to  fi^ind  the  constants 


h  (mm) 


Fig.S.  The  constants  ,  x  and 

^ char  functions  ox  the 
slit  height  h. 


^  char 


(7.9) 


This  means  that  the  expression  for  the  velocity  component  u  may  be  expressed  as 

u  -  U^°\l+6,^ )~^^‘^  (7.10) 

where  f(t\)  is  an  unlcnown  function  and  n  a  non-dimensional  distance  normal  to  the  jet  axis: 

n  =  y/b^  (7.11) 

The  lateral  velocity  component  v  will  in  view  of  the  continuity  equation  be  expressed 

as: 


.(o) 


= 

o 


(7.12) 
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1 

1 

It  is  noticed  that  the  ratio  in  this  expression  as  a  jet  parameter.  J 

This  ratio  is  computed  for  each  series  of  experiments  and  the  result  is  remarkably  constant  ,  ; 

a  verification  of  the  dependence  on  h  shown  in  Fig. 5. 


Fig.  6.  The  velocity  component  v  plotted  to  exhibit 
the  similcari-ty  predicted  by  (7.12). 


Since  now  the  jet  parameters  have 
been_determined,  the  variation  in  space  of 
the  y-component  of  the  velocity  is  known. 
When  plotted  as  D/U  ^  against  n  one  must 
obtain  one  curve  oniy.  To  what  extent  this 
is  verified  by  experimental  evidence  is 
shown  in  Fig.  6.  It  should  be  observed 
that  measurement  of  this  velocity  component 
is  rather  uncertain  because  of  its  small 
mean  value  as  compared  with  the  velocity 
fluctuations . 


8.  Evaluation  of  the  u'u'-  and  data  in  the  near  field. 


The  theoretical  approach  to  the  problem  has  Indicated  a  certain  behaviour  to  be 
expected  of  the  u'u’-  and  the  y 'y '-data.  First  it  is  observed  that  the  transverse  coordi¬ 
nate  appropriate  for  correlating  the  data  may  be  the  similarity  variable  n  defined  in  the 
treatment  of  tlie  velocity  profile  [Eq.  (7.11)].  Second  it  is  noticed  that  whereas  u  is  of 
the  form  (/gCxj  times  f(r\),  a  similar  simple  similarity  property  cannot  be  expected  for  the 
u'u'  and  y ' y '  profiles.  The  more  general  form  to  be  adopted  here  is  suggested  by  the 
theoretical  considerations  and  may  be  expressed  as 


B(x)  F(n)  +  A(x)a(r,) 


(8.1) 


where  all  functions  so  far  are  considered  as  unknown.  One  might  draw  upon  the  theoretical 
deductions  to  extract  the  specific  forms  of  B(x)  and  A(x)  by  identifying  one  part  as  the 
one  caused  by  viscous  action  and  the  other  as  the  one  caused  by  the  fluctuations  alone, 
but  presently  an  approach  via  a  propagation  hypothesis  for  turbulent  fluctuations  is  pre¬ 
ferred. 


\s,siS)  9 


M.— 


a) 


Fig.  7.  Sketch  of  the  tuo  nozzles,  sharpie) 
and  rounded  (b) 


sharp-edged  nozzle. 


When  contemplating  the  origin  of  the 
Reynolds'  stresses  pu  'u '  and  pv'v '  one  is  led 
to  the  conclusion  that  the  fluctuations  causing 
these  stresses  originate  in  part  from  the  boun¬ 
dary  of  the  nozzle  and  in  part  from  the  core 
flow.  The  two  different  geometries  of  the 
nozzle  used  in  this  investigation  are  sketched 
in  Fig.  7.  It  is  indicated  how  the  rounded 
nozzle  is  shedding  the  boundary  layer  in  the 
nozzle  whereby  high  vorticity  is  being  concen¬ 
trated  in  two  narrow  regions .  The  sharp  edged 
nozzle  is  creating  larger  eddies  and  the  more 
violent  mixing  action  leads  to  a  much  shorter 
distance  to  the  end  of  the  core  flow  than  in 
the  rounded  case.  This  observation  is  confirmed 
by  the  fact  that  the  x  (  the  position  of  the 
"origin")  is  larger  for  the  rounded  than  for  the 


The  fluctuations  may  now  be  conceived  of  as  small  "jets"  in  a  moving  flow.  Since  it 
has  been  established  that  jets  seem  uninfluenced  by  viscosity  (fle-number  independent)  this 
modelling  of  a  fluctuation  conforms  with  the  idea  that  turbulent  energy  is  passed  on  from 
larger  to  smaller  "eddies".  If  the  larger  fluctuations  are  identified  as  the  socalled 
coherent  structures  in  turbulence,  the  jet  model  predicts  the  propagation  properties  of 
such  structures  (Bursts  and  Sweeps) .  However,  the  model  also  indicates  how  the  Reynolds 
stresses  will  behave .  The  integrated  action  of  such  a  concept  will  lead  to  the  assumption 
for.^^T^_  and  profiles  which  may  be  expressed  as: 


J4-I5 


exp 


*A  ^  j+eacpf-i 


-cCn+n^-' 


]} 


(8.2) 


Here  Relchardt's  proposed  velocity  profile  In  the  form  of  Gaussian  hat  curve 
has  been  adopted  as  approximations  to  the  functions  F(r\)  and  G(r\)  In  (8.1).  The  constants 
D,  C  and  n  ere  all  to  be  determined  such  that  the  adopted  expressions  best  possibly  re¬ 
flects  expSrlmental  evidence.  It  turns  out  that  for  the  TTHT'^-data,  the  following  values 
seem  satisfactory: 

0  =  O.S.  r\^  =  1.0,  C  =  0.9  (8.3) 


One  may  then  use  a  best  fit  procedure  to  determine  the  values  of  B(x)  and  A(x)  for  each 
profile  (given  x-values)  whereupon  these  functions  can  be  analysed.  Fig.  8.  shows  examples 
of  how  this  procedure  predicts  the  u ' u '-prof lie  for  the  case  of  a  rounded  nozzle.  For 


cases  with  the  sharp  edged  nozzle  the  agreement  is  even  better.  The  same  values  as  given 
In  (8.3)  apply  Indicating  their  relative  Independence  on  the  nozzle  geometry.  For  the 
u'v’-data,  however,  the  constants  to  be  used  are 

D  =  0.7.  =  O.B,  C  =  1.1  (8.4) 

Fig.  9.  shows  how  extremely  well  the  adopted  form  In  (8.1)  for  the  normal  Reynolds  stresses 
predicts  their  development  with  Increasing  downstream  distance.  If  however  this  result 
Is  to  be  given  any  significance,  the  functions  A(x)  and  B(x)  must  conform  with  the  theo¬ 
retical  considerations  of  Sec.  7.  This  means  that  If  the  propagation  theory  for  large 
scale  turbulent  structures  Is  correct  the  function  A(x}  ought  to  be  given  as 

A{x)  =  A^  +  (8.5) 

where  x  has  been  replaced  by  C  according  to  (7.9). 

In  Fig.  10.  the  functions  A(x)  for  both  nozzle  geometries  are  computed.  The  earlier 
argumentation  on  the  length  x^  from  the  nozzle  to  the  point  of  "origin"  Is  supported  by 
the  experimental  data.  Thus,  the  "normal"  behaviour  of  the  decay  functions  A(xJ  can  In 
the  case  of  a  rounded  nozzle  be  expected  for  values  of  C  >  1.  The  best  fit  procedure  of 

A(x)  to  the  remaining  data  give  expressions  for  A  as  shown  In  the  figure.  It  Is  remarlt- 

able  how  the  values  obtained  In  the  two  cases  conforms  with  each  other,  an  additional  sign 

that  the  contentions  behind  the  results  have  now  been  given  substance  by  experimental 

support.  It  Is  however  stressed  that  further  experimentation  Is  needed  and  Is  at  the 
moment  In  progress. 
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Fig.  11  f’nows  the  values 
of  B(x)  corresponding  to  the 
4  ("x; -values  given  in  Fig.  10  to 
be  increasing  at  first  and 
are  then  starting  to  decrease. 
This  means  that  the  data  of 
the  series  of  experiments  do 
not  allow  an  assymptotic  be¬ 
haviour  of  to  be  deter¬ 

mined.  However,  the  values 
obtained  for  u' v '  seem  to 
be  interesting  in  the  sense 
that  they  shed  light  on  the 
similarity  aspect  of  the  flow. 
From  the  theoretical  deductions 
one  observes  that  u'V  seem  to 
decay  as  uv .  This  means  that 
u  'O' '-data  ought  to  exhibit 
similarity  if  they  are  norma¬ 
lized  by  the  factor  ^/(1+E,^). 
Fig.  12  shows  how  well  this 
is  satisfied  for  the  two  cases 
of  nozzle  geometry.  It  is 
however  even  more  remarkable 
that  the  actual  values  in  the 


Fig.  10.  The  function  A(x)  in  (8.5)  determined  for  the  two  cases  differ  so  little 

rounded  edge  (EOl)  and  the  sharp  edge  (E02)  from  each  other  in  spite  of 

the  great  difference  in  geo¬ 
metry.  The  results  obtained 

so  far  must  however  be  considered  inconclusive  since  they  have  raised  questions  which 
necessitates  further  experimentation.  This  is  the  case  for  the  functions  A(x)  and  B(x) 
as  well. 


Conclusions. 

In  spite  of  the  fact  that  certain  results  in  this  series  of  experiments  need  further 
verification,  a  number  of  conclusions  may  still  be  drawn.  The  near  field  of  the  jet  is 
here  indicated  by  the  positions  x/h  at  which  profiles  were  taken,  i.e.  the  range  4.4  < 
x/h  <  38.0.  The  hotwire  measurements  were  made  in  the  region  6.3  <  x/h  <  25. 7. 


1.)  Self-similarity  of  the  u-veloclty  profiles  is  to  an  astonishing  degree  exhibited 
in  the  near  field,  and  is  consequently  not  only  an  assymptotic  property  of  the 
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Fig.  11  The  function  B(x)  in  (8.b)  determined  for  the 
rounded  edge  (EOl)  and  the  sharp  edge  (E021. 


Fig.  12  The  u  * u ' -  data  normalized  through  E,/(l+E,^)  for  the  rounded 
edge  (EOl)  and  the  sharp  edge  (EOZ) . 


profile.  This  conclusion  has  the  support  of  BRADBURY  and  RILEY  (1967)  but  is 
here  extended  to  Include  the  profiles  at  very  small  values  of  x/h  . 

2. )  Evidence  seems  also  to  support  the  conclusion  that  the  self-similar  measured  u- 

profile  may  seem  insensitive  to  changes  in  the  boundary  conditions  which  greatly 
influences  other  quantities.  The  discussion  given  in  Sec.  2  conforms  very  well 
with  the  remarks  of  KOTSOVINOS  (1978a, b)  and  draws  the  attention  to  the  boundary 
induced  recirculation.  This  may  occur  in  the  outer  part  of  the  jet  and  not  cause 
significant  enough  Influence  on  tlie  measured  values  in  the  central  part  of  the 
jet. 

3. )  The  experimentally  supported  decay  function  introduced  in  (  7.8)  is  also  supported 

by  the  results  of  HUSSAIN  and  CLARK  (1977)  which  exhibit  results  in  complete 
agreement  with  Fig.  4.  The  fact  that  the  same  decay  function  seems  to  apply  in  a 
logical  manner  to  the  development  of  the  Reynolds  stresses  with  increasing  down- 
streeun  distance  gives  further  support  to  it.  It  should  be  noted  that  the  decay 
function  is  such  that  it  has  the  linear  spread  of  the  jet  as  an  assymptotic  be¬ 
haviour  . 

4. )  The  introduction  of  the  stress  functions  in  Sec.  3  shows  why  the  similarity  con¬ 

cept  of  TOWNSEND  (1956) ,  where  all  quantities  of  the  basic  equations  decay  simi¬ 
larly,  only  can  be  expected  to  apply  in  the  far  field  of  the  jet.  The  excimination  ] 

of  the  basic  equation  which  led  to  the  Introduction  of  these  functions  and  which 
also  led  to  the  conclusion  that  TOLLMIEN's  original  boundary  layer  approach  could 
not  be  upheld,  is  supported  also  by  the  conclusions  of  MILLER  and  COMINGS  (1957)  . 

5. )  HUSSAIN  and  CLARK  (1977)  find  a  strong  influence  on  "the  mean  and  turbulence  ( 

quantities  in  the  near  field"  of  the  corresponding  "characteristics  of  the  Initial 

(upstream)  flow".  It  ought  to  be  noticed  that  several  of  their  measurements  were 

made  in  the  immediate  negihborhood  of  the  jet  exit,  where  the  potential  core  I 

region  is  still  present.  In  the  region  downstream  of  however  their  results 

may  be  said  to  be  complemented  by  the  presented  hypothesis  on  the  downstream 

development  of  the  Reynolds  stresses.  Their  representation  of  the  variation  of 

the  centerline  turbulence  intensity  may  thus  have  been  put  in  a  different 

i 
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perspective . 

t.)  No  analytic  expression  for  the  similarity  profile  for  u  is  suggested.  This  re¬ 
flects  the  contention  that  boundary  conditions  will  influence  tne  recirculating 
motion  and  thus  change  the  profile  in  the  outer  region  of  the  jet  where  measure¬ 
ments  are  difficult  to  make. 

7. )  The  contention  of  the  similarity  property  of  the  fluctuations  leading  to  the 

contended  transport  theory  for  the  Reynolds*  stresses  is  in  complete  accor¬ 
dance  with  the  von  KArmSn  concept. 

8. )  All  conclusions  drawn  here  are  supported  by  data  obtained  so  far  in  the  water- 

in-water  jet.  These  data,  obtained  by  hot-wire  anemometry,  are  however  steadily 
being  extended  and  will  be  reported  on  elsewhere. 
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JET  V/STOL  WIND-TUNNEL  SIMULATION  AND  GROUNDPLANE  EFFECTS 
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Low-speed  wind-tunnel  testing  of  V/STOL  aircraft  concepts  to  determine  the 
aerodynamic-propulsion  interaction  effects  during  the  transition  between  hover  and  wing- 
borne  flight  is  a  necessary  step  in  the  development  cycle  of  this  type  of  aircraft. 
Powered  models  are  normally  used  to  determine  the  aerodynamic  performance  charac¬ 
teristics.  This  paper  examines  some  of  the  pretest  preparation  necessary  to  define  the 
objectives  of  an  appropriate  investigation.  Several  factors  which  influence  the  selec¬ 
tion  of  the  model  concept  and  the  engine  simulator  are  discussed.  In  addition,  some  of 
the  test  techniques  important  for  this  class  of  aircraft  model  are  examined.  Finally, 
the  paper  reviews  some  of  the  wihd-tunnel  wall  effects  important  to  this  type  of 
aircraft  testing  with  special  emphasis  on  groundplane  effects. 


SYMBOLS 


2  2  2  * 
area,  m  (ft  )  or  aspect  ratio,  b  /S 

2  2 

engine  exit  cross-sectional  area,  m  (ft  ) 

2  2 

engine  inlet  cross-sectional  area,  m  (ft  ) 


b  wing  span,  m  (ft) 

c  chord,  m  (ft) 

Cjj  drag  coefficient,  Drag/q_/S 

Cj^  lift  coefficient,  Lift/q^S 

«  lift  coefficient  out  of  ground  effect 

Cjq  .j.  tail  normal-force  coefficient,  N.j,/q„S.j, 

C, j.  thrust  coefficient,  T/(q^S) 

D, D|j  jet  diameter,  m  (ft) 

Dg  equivalent  exit  diameter,  the  diameter  of  a  circle  whose  area  equals  the  sum  of 

the  areas  of  all  the  engine  exits,  m  (ft) 

h  height  of  jet  above  ground,  m  (ft) 

t  length,  m  (ft) 

L  lift,  N  (lb) 

Nj  tail  normal  force,  N  (lb) 

P  pressure.  Pa  (lb/ft“) 

2 

q,  free-stream  dynamic  pressure.  Pa  (lb/ ft  ) 

2 

•^max  maximum  dynamic  pressure  at  jet  exit  plane,  N  (Ib/ft  ) 

2 

q(z)  maximum  dynamic  pressure  at  distance  z  from  the  jet  exit  plane,  N  (Ib/ft  ) 

S  wing  area,  m^  (ft^) 

S.J.  tail  area,  m^  (ft^) 

T  static  thrust,  N  (lb) 

V,V,  free-stream  velocity,  m/sec  (ft/sec) 

Vb.VQ  ground  belt  velocity,  m/sec  (ft/sec) 

Vg  effective  velocity  ratio,  q«/(T/2Ag) 

Vg'  effective  velocity  ratio  at  which  jet  Impinges  on  floor,  1.31  D^/h 

V  minimum  effective  velocity  ratio  for  which  data  can  be  corrected  to  free  air 

’  conditions,  0.65  V_' 


Jet  velocity,  m/sec  (ft/sec) 


it  inlet  weight  flow,  N/sec  (Ib/sec) 

Wp  drive  weight  flow,  N/sec  (lb/ sec) 

x,y,z  distance  along  X,  Y,  or  Z  axis,  respectively,  m  (ft) 
X,Y,Z  Cartesian  coordinates 

a  angle  of  attack,  deg 

6^  flap  deflection  angle,  deg 

jet  deflection  angle,  deg 
AL  induced  lift  increment,  N  (lb) 

Aa  change  in  angle  of  attack  due  to  wall  effects,  deg 

n  flap  turning  efficiency.  Resultant  force/static  thrust 

sweep  angle  of  the  wing  quarter  chord,  deg 

Notation : 

CL  conventional  landing 

CTO  conventional  takeoff 

OGE  out  of  ground  effect 

RVTO  rolling  vertical  takeoff 

STO  short  takeoff 

VTO  vertical  takeoff 


1.0  INTRODUCTION 

V/STOL  aircraft  frequently  experience  considerable  refinement  as  the  design 
passes  from  the  conceptual  development  phase  through  the  preliminary  design  and  final 
configuration  definition  process.  These  refinements  are  usually  a  result  of  compromises 
in  performance  requirements  which  occur  as  a  result  of  the  extreme  variety 
flight  conditions  imposed  upon  these  types  of  aircraft.  While  a  V/STOL  aircraft 
design  must  achieve  efficient  performance  throughout  the  entire  mission, 
particular  emphasis  must  be  given  to  performance  in  the  low-speed  transition 
between  hover  and  wlngborne  flight. 

The  propulsion  systems  of  V/STOL  aircraft  must  be  designed  to  generate  both  the 
thrust  needed  for  conventional  flight  and  the  lift  force  needed  for  hover  and  the  addi¬ 
tional  force  components  necessary  for  control  purposes  during  hover  and  transition 
flight.  This  multi-function  character  of  the  V/STOL  propulsion  system  requires  design 
features  which  makes  it  significantly  different  from  conventional  aircraft  propulsion 
systems.  For  example,  in  most  aircraft  configurations,  the  lifting  force  for  hover  is 
provided  at  two  or  more  locations  in  order  to  provide  moment  trim  and  control  about  all 
three  axes. 

The  lift  Jet  exhaust  issuing  from  the  aircraft  mix  with  the  external  flow  field 
to  generate  an  extremely  complicated  three-dimensional  flow.  In  general,  the  Jet- 
induced  effects  cause  additional  forces  and  moments  on  the  aircraft  both  statically  and 
dynamically.  The  character  and  magnitude  of  these  Jet-induced  effects  are  influenced  by 
the  flight  regime  as  well  as  by  the  specific  aircraft  configuration.  Several  authors 
have  surveyed  and  described  these  V/STOL  propulsion-induced  effects  (see  refs.  1  to  4). 

In  the  low-speed  flight  regime,  these  effects  are  present  in  several  areas: 

(1)  the  performance  losses  sustained  while  hovering  out-of-ground  effect;  (2)  the  per¬ 
formance  changes  and  hot-gas  Ingestion  problems  occurring  while  hovering  in-ground 
effect;  and  (3)  the  Induced  aerodynamic  effects  in  transition  flight  from  hover  to  wlng¬ 
borne  flight  (out-of-ground  effect  and  in-ground  effect)  during  a  horizontal  flight 
mode.  Resolution  of  the  conflicts  which  arise  from  the  design  requirements  Imposed  by 
these  different  modes  of  flight  present  a  significant  challenge  to  the  aircraft 
designer.  Satisfactory  solution  is  essential  in  order  to  provide  the  necessary  lift 
forces  as  well  as  adequate  control  power  for  low-speed  flight. 

The  designer  must  be  able  to  estimate  the  performance  of  the  aircraft  in  this 
low-speed  flight  regime.  Since  very  few  proven  prediction  methods  are  available  (ref. 
5),  extensive  wind-tunnel  investigations  must  be  conducted  to  verify  the  performance 
estimates.  The  results  of  these  investigations  are  used  to  refine  the  configuration 
while  the  design  process  continues  through  prototype  flight  to  production. 
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Techniques  for  low-speed  wind-tunnel  tests  of  conventional  aircraft  configura¬ 
tions  are  fairly  well  established  (ref.  6);  however,  additional  factors  must  be  con¬ 
sidered  when  testing  V/STOL  configurations.  Although  V/STOL  aircraft  include  a  very 
large  variety  of  configurations,  they  may  be  conveniently  grouped  into  two  broad 
categories:  those  having  very  low  disk  loading  and  those  having  high  disk  loading.  The 
most  common  category  is  the  low-disk  loading  rotorcraft.  Examples  of  powered  rotorcraft 
models  (fig.  1)  are  the  AH-IG  (ref.  7),  the  ABC  (advanced  blade  concept)  (ref.  8),  the 
RSHA  (rotor  systems  research  aircraft)  (ref.  9),  and  the  tilt-proprotor  configuration 
(ref.  10).  These  models  typically  use  electric  motors,  gear  boxes,  rotating  shafts,  and 
variable  pitch  rotors  to  provide  their  powered  lift.  As  a  class,  rotorcraft  models  are 
very  complex  mechanically,  especially  with  regard  to  the  dynamic  modeling  requirements. 
For  example,  the  general  rotor  model  system  (GRMS)  (ref.  11)  used  for  the  AH-IG  (ref.  7) 
and  RSRA  (ref.  9)  models  is  an  extremely  complex  piece  of  equipment.  Detailed 
discussion  of  the  complexities  of  such  rotorcraft  models  will  not  be  attempted  within 
the  scope  of  the  present  paper.  The  GRMS  is  discussed  in  detail  in  reference  11,  and  a 
broader  look  at  rotorcraft  models  is  presented  in  reference  12, 

The  second  major  category  of  V/STOL  aircraft  configurations  is  the  high-disk 
loading  vehicles  as  illustrated  in  figure  2.  Examples  of  STOL  aircraft  models  include 
externally  blown  flap  (EBF)  (ref.  13),  upper-surface  blown  (USB)  flap  (ref.  14),  and 
internally  blown  jet  flap  (IBF)  (ref.  15).  An  examination  of  propulsive-lift  aerody¬ 
namic  theories  pertinent  to  STOL  aircraft  is  presented  in  reference  16  in  which  many 
methods  are  discussed,  ranging  from  Spence's  two-dimensional  jet-flap  procedure  to 
recent  three-dimensional  theories  which  require  large,  complex  computer  programs.  Some 
of  these  methods  are  effective  means  of  estimating  gross  performance  for  STOL 
configurations.  Examples  of  V/STOL  aircraft  models  Include  lift-jet  plus  lift-cruise 
(ref.  17),  deflected  thrust  (ref.  18),  augmentor  (ref.  19),  and  lift  fan  (ref,  20). 

Despite  many  conferences  (such  as  ref.  2)  and  publications  concerning  V/STOL 
aero/propulsion  interaction,  there  has  been  a  limited  documentation  of  V/STOL  model  test 
techniques.  In  the  1960's,  John  Williams  and  associates  published  several  very  useful 
reports  (e.g.  ref.  21)  which  provided  detailed  information  of  specific  test  techniques 
such  as  strain-gage  balances  with  air  lines  for  propulsion  power,  model  scale  simulation 
of  jet  engines,  and  groundplane  effects.  Recently,  several  papers  (refs.  22  to  25)  have 
been  published  with  descriptions  of  more  recent  model  methods.  The  material  from 
reference  25  by  Nark  has  been  especially  useful  for  the  present  paper. 

Since  the  configurations  involving  jet  V/STOL  aircraft  concepts  have  more 
demanding  test  requirements  than  the  STOL  configurations,  the  present  paper  will  empha¬ 
size  factors  which  influence  wind-tunnel  tests  of  high-disk  loading  V/STOL  aircraft. 
These  factors  will  be  discussed  in  three  sections:  (1)  Pretest  Preparation;  (2)  Test 
Techniques;  and  (3)  Tunnel  and  Groundplane  Effects. 


2.0  PRETEST  PREPARATION 

2.1  Define  Investigation  Objectives 

The  first  step  in  planning  a  jet  V/STOL  wind-tunnel  investigation  is  a  defini¬ 
tion  of  the  test  objectives.  Generally,  this  will  require  measurement  of  the  aerodyna¬ 
mic  forces  and  moments  for  longitudinal  performance  characteristics  and,  occasionally, 
for  lateral-directional  characteristics  as  well.  These  aerodynamic  characteristics 
must  include  the  aerodynamic  propulsion-induced  effects  for  transition  flight,  that  is, 
between  hover  and  wingborne  flight.  This  usually  includes  vertical  takeoff  and  landing 
as  well  as  short  takeoff  and  landing  characteristics.  The  flight  envelope  must  be 
defined  in  sufficient  detail  so  that  the  test  parameters  can  provide  adequate  definition 
of  the  thrust  effects.  The  configuration  variables  must  be  identified  and  the  model  so 
constructed  that  significant  variables,  such  as  flap  deflection,  tail  incidence,  nozzle 
deflection,  control  surface  deflection,  external  stores,  landing  gear,  and  other  pertur¬ 
bations  and  protrusions  may  be  evaluated. 

The  first,  and  most  obvious,  requirement  in  evaluating  the  performance  of 
flight  vehicles  using  wind-tunnel  data  is  that  the  flight  aircraft  must  be  faithfully 
duplicated  in  the  wind-tunnel  model.  Unfortunately,  this  duplication  is  seldom  achieved 
in  practice  and  for  many  reasons.  Often  power-train  components  cannot  be  obtained  in 
physical  sizes  that  permit  direct  scaling.  The  wind-tunnel  tests  are  accomplished 
before  flight,  and  changes  are  usually  incorporated  in  the  aircraft  as  a  result  of  the 
wind-tunnel  tests.  Often  the  cost  of  a  completely  scaled  model  is  prohibitive  in  rela¬ 
tion  to  the  purposes  of  a  particular  test.  In  any  event,  complete  model-scale  duplica¬ 
tion  of  the  flight  aircraft  is  seldom  accomplished,  and  it  then  becomes  important  to 
reduce  the  significance  of  the  differences  by  careful  representation  of  the  actual 
aircraft  and  by  careful  testing  techniques. 

When  designing  a  wind-tunnel  model  to  represent  a  powered  V/STOL  configuration, 
there  are  a  number  of  significant  factors  to  be  considered.  Some  of  the  major  factors 
requiring  attention  are:  engine  device  selection  for  best  simulation,  model  scale  size 
for  maximum  model  construction  efficiency,  model  scale  size  to  tunnel  size  ratio  for 
minimum  wall-induced  interference,  engine-inlet  mass-flow  simulation  (critical  to  V/STOL 
concepts),  and  drive-air  mass-flow  requirements  as  related  to  available  high  pressure 
air  supply. 


Experience  over  many  years  with  powered  model  testing  has  shown  that  attention 
to  detail  is  much  more  critical  for  this  class  of  models  than  for  conventional  aerodyna¬ 
mic  testing.  Faithful  reproduction  of  the  various  details  of  the  model  are  necessary, 
and  some  of  these  factors  will  be  discussed  in  more  detail  in  subsequent  sections. 
Further,  good  advanced  planning  pays  off  in  making  the  data  from  the  tests  far  more  use¬ 
ful.  Finally,  because  of  the  increased  number  of  model  variables  and  test  condition 
variables,  this  type  of  testing  requires  many  more  runs  than  a  conventional  model;  hence 
the  tunnel  entries  tend  to  be  rather  lengthy.  Careful  planning  is  required  to  arrange 
the  run  schedule  in  such  a  way  that  proper  power-off  conditions  are  obtained  for  use 
with  the  power-on  data  so  that  proper  data  correlation  can  be  accomplished. 

2.2  Select  Model  Concept 

Proper  selection  of  the  model  concept  involves  several  factors  which  will  be 
discussed  in  the  following  sections.  One  of  the  first  decisions  is  a  determination  of 
whether  to  use  a  full-span  configuration  or  a  semispan  configuration.  Next,  the  balance 
concept  must  be  selected.  Whether  to  Include  the  thrust  forces  on  the  balance  or  to 
measure  the  aerodynamic  forces  separately  is  the  fundamental  choice.  The  third  area 
deals  with  the  propulsion  factors  and  their  influence  on  the  aerodynamics.  A  few 
examples  of  the  significance  of  model  details  on  the  aero/propulsion  induced  effects 
will  be  illustrated  to  identify  the  significance  of  small  configuration  changes. 

2.2.1  Semispan  Versus  Complete  Configuration 

The  choice  between  a  full-span  or  a  semispan  model  is  often  dictated  by  the 
availability  of  wind-tunnel  facilities.  An  example  of  this  choice  was  described  by 
Zierten  and  Rettie  (fig.  3,  see  ref.  23)  where  a  semispan  C-14  model  was  tested  in  a 
2.7-  by  2.7-m  (9-  by  9-ft)  tunnel,  and  later  a  full-span  model  was  developed  for  tests 
in  a  6.1-  by  6.1-m  (20-  by  20-ft)  wind  tunnel.  The  results  showed  very  good  com¬ 
parison  between  the  two  concepts  for  the  longitudinal  aerodynamic  data,  but  unsatisfac¬ 
tory  comparisons  for  some  of  the  lateral-directional  data. 

The  results  of  some  tests  conducted  in  Germany  by  Hertel  on  a  two-nozzle  con¬ 
figuration  (ref.  26)  are  presented  in  figure  4.  The  sketch  shows  the  two  nozzles 
exhausting  near  the  ground  with  an  upflow.  Starting  at  the  centerline  between  the  two 
jets,  the  velocity  of  the  upflow  was  measured  with  both  jets  operating;  the  results  are 
indicated  by  the  circles.  There  was  a  gradual  dropoff  in  the  upflow  velocity  as  the 
probe  was  moved  toward  the  Jet  centerline  from  the  line  of  symmetry.  With  a  reflection 
plane  at  the  plane  of  symmetry,  there  was  an  increased  upflow  velocity  at  the  line  of 
symmetry  which  drops  off  more  rapidly  than  the  data  without  the  plane  of  symmetry.  The 
use  of  a  vertical  reflection  plane  is  not  appropriate  for  measuring  data  with  Jets  in 
ground  effect.  Further,  the  results  show  that  there  is  not  a  true  line  of  symmetry; 
instead,  there  is  quite  a  bit  of  mixing  and  interaction  between  the  upflows  from  the  two 
jets.  Even  with  a  fully  three-dimensional  model,  asymmetries  can  occur.  The  model  jet 
deflections  and  pressure  ratios  must  be  carefully  balanced  to  accurately  describe  the 
actual  configuration.  For  example.  Hall  (ref.  27)  showed  that  major  asymmetry  occurs 
with  twin  jets  which  have  either  different  pressure  ratios  or  different  deflection 
angles. 

The  reflection  plane  also  has  an  adverse  effect  on  the  inlet  temperature  rise. 
Data  obtained  by  Ryan,  Heim,  and  Cosgrave  (ref.  28)  with  a  small-scale  hot-gas  ingestion 
model  are  presented  in  figure  5  to  show  this  effect.  The  two  jets,  impinging  on  the 
ground  with  an  interference  fountain  between  them,  are  moved  from  a  height  of  2  diame¬ 
ters  above  the  ground  to  a  height  of  10  diameters  above  the  ground.  When  no  reflection 
plane  is  located  between  the  two  jets,  there  is  a  large  inlet  temperature  rise  at  height 
of  2  diameters.  The  inlet  temperature  rise  decreases  sharply  and  then  approaches  zero 
at  heights  above  10  diameters.  With  the  reflection  plane,  however,  there  is  a  tem¬ 
perature  rise  of  only  about  30°F  (17°C)  close  to  the  ground,  and  the  inlet  temperatures 
increase  steadily  as  the  nozzles  are  moved  away  from  the  ground.  When  the  nozzles  are 
close  to  the  ground,  high  velocities  on  the  reflection  plane  carry  the  gases  up  above 
the  inlet  and  disperse  them  away  from  the  inlet.  Consequently,  inlets  near  the  ground 
are  not  influenced  by  the  hot  gases  when  the  reflection  plane  is  in  place.  As  the 
nozzles  are  moved  away  from  the  ground,  with  a  reflection  plane  being  present,  the 
inlets  gradually  move  into  a  region  where  the  hot  gases  tend  to  congregate,  furnishing 
results  in  sharp  contrast  to  the  data  without  the  reflection  plane.  The  data  in  figures 
4  and  5  indicate  the  importance  of  the  modeling  techniques  used  in  investigating 
aerodynamic/propulsion  interaction  problems. 

2.2.2  Balance  Selection 

An  important  factor  in  defining  the  model  concept  is  selection  of  the  best  means 
of  force  and  moment  measurement.  Most  modern  tunnel  facilities  utilize  Internal  strain- 
gage  balances  to  measure  the  forces  and  moments,  but  there  are  certain  constraints  on 
the  proper  selection  of  such  balances.  Transition  tests  of  jet  V/STOL  aircraft  occur  at 
low  free-stream  dynamic  pressures  which  lead  to  small  aerodynamic  forces.  As  a  result, 
it  is  important  to  keep  the  model  weight  low  so  that  the  balance  can  have  adequate  sen¬ 
sitivity  for  the  low  forces  and  moments  generated  aerodynamically .  Another  Important 
aspect  of  sizing  the  balance  is  a  determination  of  whether  to  make  the  thrust  forces 
metric  or  nonmetrlc.  An  illustration  of  the  impact  of  this  Is  presented  in  figure  6 
which  shows  a  typical  lift-drag  polar  for  a  powered-lift  model.  The  curve  in  the  upper 
left  shows  the  results  of  a  model  with  metric  thrust  forces.  The  lift  coefficients  are 
greater  than  7  and  large  thrust  forces  (drag  coefficients  less  than  -2)  are  experienced. 


The  balance  must  be  sized  to  handle  the  large  forces  generated  by  the  engines  at  large 
negative  drag  coefficients.  Generally,  better  overall  aerodynamic  data  Information  Is 
possible  with  a  metric  engine-thrust  installation.  Nonmetric  designs  typically  generate 
ambiguous  data  when  airframe  balance  results  are  combined  with  thrust  forces. 

The  data  on  the  right  hand  portion  of  figure  6  illustrate  the  airframe  forces 
that  would  be  measured  by  a  nonmetric  thrust  balance  installation.  The  lift  coef¬ 
ficients  get  as  high  as  5  and  the  drag  coefficients  range  from  0  to  1 ;  therefore,  a  more 
sensitive  balance  can  be  selected  for  the  nonmetric  case,  especially  in  the  axial  force 
component.  An  excellent  discussion  of  the  merits  of  nonmetric  thrust  installation  (fig. 
7)  were  presented  by  Knott  (ref.  22).  One  of  the  most  important  benefits  includes 
avoiding  crossing  the  balance  with  the  high  pressure  air  for  the  thrust  simulator. 
Obtaining  a  precise  thrust  value  is  less  critical  for  high  quality  aerodynamic  inter¬ 
ference  data  since  it  can  be  measured  directly.  However,  fouling  between  the  propulsive 
side  of  the  model  and  the  aerodynamic  side  of  the  model  is  difficult  to  avoid  and 
requires  considerable  attention  to  detail.  Precise  measurement  of  thrust-induced  force 
increments  can  be  obtained  betweenusing  such  a  nonmetric  engine  thrust  installation. 


2.2.3  Propulsion  Factors 


One  particularly  important  aspect  of  V/STOL  model  testing  is  the  need  to 
describe  a  "power-off  reference  configuration"  for  each  power-on  configuration  tested. 
These  data  are  used  to  determine  the  interference  of  the  lifting  jets  on  the  transition 
flight  aerodynamic  characteristics.  One  method  of  evaluating  induced  power  effects  is 
given  by  equation  (1): 


AL  _  L 
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Cl, power  off  S  ^^2  ^ 
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When  a  model  has  a  flow-through  nacelle  for  the  cruise  configuration,  it  provides  the 
least  restriction  to  air  flow  and,  as  a  result,  thf  lowest  interference  drag  force. 

When  an  engine  simulator  is  Installed,  it  provides  a  restriction  to  the  flow  when  it  is 
unpowered.  As  a  result,  an  increased  interference  drag  force  occurs  and  the  inlet-mass 
flow  is  reduced.  When  either  the  nacelle  exit  or  the  entire  nacelle  is  deflected,  the 
flow  interference  increases  and  becomes  more  complex  producing  larger  effects  on  the 
model  aerodynamic  performance.  In  the  case  of  an  augmentor  configuration  the  wing  sur¬ 
face  deflects  to  form  a  nonaerodynamic  shape  which  produces  largely  separated  flow  and 
results  in  completely  ambiguous  aerodynamic  data. 

Previous  work  (refs.  29  to  31)  has  shown  that  the  effect  of  engine  inlet  flow 
can  be  significant  even  when  the  engine  simulator  is  not  powered.  An  example  of  these 
effects  are  presented  in  figure  8  for  a  subsonic,  vectored-thrust  V/STOL  configuration 
with  the  nozzles  deflected  90°.  Longitudinal  aerodynamic  performance  characteristics 
are  presented  for  the  model  with  inlets  either  open  or  closed  for  identical  operating 
conditions.  Ejectors  similar  to  those  described  in  reference  32  were  used  in  the  wind- 
tunnel  model.  Without  thrust,  the  inlet  weight  flow  measured  was  dependent  on  the  free- 
stream  dynamic  pressure.  With  thrust,  the  inlet  weight  flow  measured  was  nearly 
independent  of  free-stream  dynamic  pressure  and  thrust  level  because  of  choking  near  the 
ejector  primary  nozzles.  Data  were  also  taken  with  the  inlets  closed.  By  using  the 
inlet  weight  flow  rate  and  the  free-stream  density,  the  increment  in  lift  due  to  the 
inlet  flow  was  calculated  to  be  significantly  less  than  the  measured  lift  increment.  A 
comparison  of  wing  pressure  data  (ref.  31)  without  power  for  the  inlets  open  and  inlets 
closed  for  the  front  vectored  thrust  configurations  helps  explain  part  of  this  dif¬ 
ference.  These  data  show  that  closing  the  inlets  induced  a  downwash  on  the  wing  which 
decreased  local  angle  of  attack  between  1°  and  2°.  Fuselage  and  nacelle  pressure  data 
indicate  that  opening  the  inlets  produced  flow  changes  similar  to  those  associated  with 
the  jet-exit  interference  effect  at  high  effective  velocity  ratios.  These  results  are 
discussed  in  detail  in  reference  29  and  indicate  that  the  inlet  effect  is  largely  caused 
by  the  nozzle  efflux. 

Several  experimental  investigations  (ref.  33  to  36)  have  demonstrated  that  the 
turbulence  and/or  decay  of  jet  dynamic  pressure  with  increasing  distance  from  the  jet 
exit  has  a  significant  impact  on  the  jet-induced  loads.  An  example  (ref.  36)  of  these 
results  is  shown  in  figure  9  where  the  decay  of  the  jet  dynamic  pressure  is  plotted  as  a 
function  of  distance  downstream  from  the  Jet  for  hover.  The  jet  with  the  slowest  rate 
of  dynamic  pressure  decay  is  deemed  to  have  the  longest  potential  core  in  the  jet, 
approximately  6  diameters.  With  a  plug  representing  an  engine  centerbody  inserted  flush 
with  the  exit,  the  dynamic  pressure  drops  somewhat  more  rapidly.  As  the  round  plug, 
simulating  the  centerbody,  is  moved  inside  the  jet,  away  from  the  exit  plane,  further 
reductions  in  dynamic  pressure  are  noted.  Using  these  jet  configurations,  data  (fig. 

10)  were  obtained  with  the  jet  mounted  in  a  flat  plate  to  determine  the  hover  lift 
losses.  The  data  show  that  the  lift  losses  obtained  are  proportional  to  the  rate  of 
decay  of  the  jet  shown  in  figure  9;  that  is,  the  jet  with  the  least  turbulence  has  the 
least  lift  loss.  The  jets  with  the  highest  levels  of  turbulence  have  the  highest  lift 
loss.  Work  (ref.  34)  was  done  with  the  same  hardware  to  determine  the  influence  of  the 
centerbody  on  the  jet  turbulence  for  lift  loss  at  transition  flight  speeds.  An  apparent 
contrasting  trend  was  found;  that  is,  there  is  a  crossover  at  a  low  forward  velocity 
ratio  (approximately  0.10)  as  transition  speeds  approaching  wingborne  flight  are 
obtained,  the  greatest  lift  losses  are  obtained  with  the  jet  having  the  least  turbulence 
in  hover.  However,  jet  decay  data  in  reference  34  show  that  as  the  crossflow  increases, 
the  jet  decay  occurs  more  rapidly.  These  results  show  that  the  presence  of  a  centerbody 


in  the  nozzle  of  the  jet  significantly  influences  the  jet-induced  interference  effects. 
Jet  V/STOL  models  should  duplicate,  as  closely  as  possible,  the  anticipated  jet  exhaust 
conditions.  It  further  appears  that  previous  model  studies  which  have  nad  uniform  jet 
velocity  profiles  may  have  significantly  overestimated  the  jet-induced  lift  losses  in 
transition  flight. 

2.2.4  Model  Detail 

A  number  of  investigations  have  shown  the  importance  of  modeling  even  minute 
details  in  the  model  construction  techniques.  Perhaps  one  of  the  most  interesting 
results  (ref.  37)  obtained  shows  the  effect  on  induced  lift  of  a  systematic  variation  of 
fuselage  bottom  edge  radii.  Figure  12  shows  that  a  flat  fuselage  bottom  with  sharp 
edges  produces  a  positive  induced  lift.  This  induced  lift  decreases  rapidly  with  small 
increases  in  edge  radius,  and  especially  at  low  heights;  it  could  be  concluded  that  the 
action  of  the  fountain  upwash  on  the  fuselage  is  the  principal  cause. 

An  investigation  (ref.  38)  was  conducted  with  simplified  EBF  wind-tunnel  models 
to  obtain  information  on  the  effect  of  wing  sweep.  One  of  the  models  was  unswept  with  a 
rectangular  planform  and  the  other  had  27°  sweep  with  a  taper  ratio  of  0.3.  Both  models 
were  tested  with  a  flap  deflection  of  60°.  A  comparison  of  these  swept-  and  unswept- 
n  ing  EBF  model  data  with  YC-15  flight  data  obtained  in  steady  flight  at  various  values 
of  h/c  is  shown  in  figure  13.  The  unswept-w  ing  model  data  are  in  good  agreement  with 
the  flight  data,  indicating  that  wing  sweep  may  be  an  important  factor  determining  the 
ground  effects  of  powered-lift  STOL  aircraft.  The  close  quantitative  agreement  between 
the  model  and  airplane  results  is  probably  fortuitous  since  there  are  a  number  of  dif¬ 
ferences  between  the  two  configurations,  such  as  flap  deflection  and  wing  taper  ratio. 
However,  it  would  be  expected  that  wind-tunnel  tests  of  an  exact  model  of  the  YC-15 
airplane  would  produce  positive  lift  increments  in  ground  effect  generally  similar  to 
those  observed  on  the  airplane.  The  conclusion  can  then  be  drawn  that  the  apparent 
discrepancy  between  YC-15  flight  ground  effects  and  the  early  EBF  model  ground  effects 
can  be  explained  by  differences  in  configuration  such  as  wing  sweep  and  flap  deflection. 

2.3  Engine  Simulator  Selection 

Since  propulsion  effects  are  the  most  critical  factor  in  the  transition  regime 
of  V/STOL  concepts,  the  most  important  model  design  decision  should  be  the  engine  simu¬ 
lator  selection.  Several  concepts  for  thrust  simulation  are  available  to  the  model 
designer.  A  brief  summary  of  these  concepts  is  provided  in  Table  2  (taken  from  ref. 

25).  The  simplest  concept,  the  flow-through  nacelle  for  unpowered  wind-tunnel  models, 
is  relatively  simple  to  design  and  build,  and  quite  adequate  for  aerodynamic  drag 
studies  where  propulsion  induced  effects  are  not  a  significant  factor.  A  second 
approach  is  a  jet  powered  by  compressed  air  from  a  plenum  chamber.  This  concept 
provides  a  very  simple  operation  for  test  purposes  while  maintaining  a  generally  good 
representation  of  the  exit  geometry  and  jet  pressure  ratio.  It  can  be  used  for  both  hot 
and  cold  jets.  The  one  deficiency  in  this  arrangement  is  that  the  inlet  flow  is  not 
simulated.  A  third  concept  is  the  jet  ejector,  which  does  provide  both  inlet  and 
exhaust  flow  simulation.  However,  it  is  difficult  to  achieve  a  scaled  inlet  flow  rate 
when  the  exhaust  thrust  is  simulated.  The  final  approach  is  the  turbine  powered  simula¬ 
tor  which  is  the  most  complex  and,  for  low  pressure  ratio  applications,  provides  a  very 
fine  simulation  tool.  It  is,  however,  quite  expensive,  difficult  to  calibrate,  and  sub¬ 
ject  to  problems  of  equipment  reliability. 

2.3.1  Simulator  Concept 

To  illustrate  the  simulator  concept  selection  process,  a  specific  example  based 
on  the  model  in  reference  40  will  be  used.  A  comparison  of  a  full-scale  fan  configura¬ 
tion  and  three  available  simulators  is  presented  in  figure  14.  The  physical  descrip¬ 
tions  and  calibration  data  have  been  published  for  the  14-cra  (5.5  in.)  diameter  fan 
(ref.  39)  and  for  the  small  ejector  (ref.  32).  The  model  scale  will  be  determined  by 
the  ratio  of  simulator  diameter  to  full-scale  diameter;  therefore,  once  an  existing 
simulator  has  been  chosen,  the  model  size  is  fixed.  For  the  example  model,  three  model 
scales  were  possible:  the  14-cm  (5.5-in,)  diameter  fan  would  provide  an  8.6-percent 
scaled  model,  the  lift-fan  ejector  (11.3  cm  diameter)  model  scale  would  be  7.4  percent, 
and  the  ejector  (5.1  cm  diameter)  model  scale  would  be  3.4  percent.  Model  size  alone 
cannot  be  used  as  the  yardstick  for  selection  of  the  14-cm  (5.5-in.)  diameter  fan  or  the 
lift-fan  ejector.  However,  the  ejector  simulator  results  in  such  a  small  model  that  it 
would  be  difficult  to  Install  the  necessary  instrumentation.  Figure  15  presents 
a  comparison  of  the  installation  of  each  of  these  simulators  in  a  proposed  scale  model 
of  a  tandem  lift-fan  pod.  The  front  fan  was  facing  forward  with  side  deflector  nozzles 
and  the  aft  fan  was  mounted  horizontally  for  lift. 

2.3.2  Inlet-Flow  Simulation 

The  positions  of  the  engine  inlets  in  V/STOL  aircraft  configurations  can 
strongly  influence  the  external  flow  over  nearby  surfaces.  The  inlets  of  lifting 
engines  are  frequently  located  on  the  upper  surface  of  the  fuselage,  wing,  or  a  pod. 

The  engines  must  operate  efficiently  with  the  inlet-flow  distortion  caused  by  the  exter¬ 
nal  flow  over  the  upper  surfaces.  These  factors,  peculiar  to  many  V/STOL  concepts, 
require  that  the  engine  inlet  flow  be  simulated  properly.  Figure  16  presents  a  com¬ 
parison  of  inlet  mass  flow  of  three  engine  simulators  with  that  of  the  full-scale 
engine.  The  inlet  mass  flow  is  ratloed  to  the  exit  cross-sectional  area.  This  figure 
indicates  that  the  14-cm  {5.5-in.)  diameter  fan  simulates  the  full-scale  article  very 


well,  while  the  ejector  simulator  provides  only  about  half  of  the  scaled  Inlet  flow.  In 
the  case  of  the  14-cm  (5.5-in.)  diameter  fan.  If  the  exit-flow  characteristics  are  simu¬ 
lated  properly,  the  inlet-flow  characteristics  will  also  be  simulated  properly. 


2.3.3  Drive  Air  Requirements 

After  evaluating  the  adequacy  of  each  engine  simulator  for  use  in  an  investiga¬ 
tion,  it  must  be  determined  if  the  needed  compressed  air  to  drive  the  simulators  is 
available.  A  comparison  of  the  drive  air  required  to  operate  these  simulators  is  pre¬ 
sented  in  figure  17.  The  scale  on  the  right  indicates  that  the  thrust  required  is  a 
direct  function  of  the  model  scale  factor  squared.  The  total  scaled  thrust  required  to 
simulate  aircraft  operating  conditions  through  transition  is  presented  as  a  function  of 
required  drive  air  mass  flow  and  effective  velocity  ratio  defined  as  . 

The  determination  of  required  thrust  at  particular  effective  velocity  ratios  will  be 
described  later. 

The  thrust  versus  drive-air  mass  flow  curves  (shown  in  fig.  17)  indicate  the 
thrust  required  to  properly  operate  the  simulators.  The  curve  does  not  indicate  the 
maximum  thrust  available  from  the  simulators,  but  does  indicate  the  amount  of  compressed 
air  needed  to  operate  these  simulators.  Figure  17  indicates  that  the  lift-fan  ejector 
simulators  will  require  a  maximum  of  44  N/sec  (10  Ib/sec).  However,  plumbing  bends, 
unions,  and  valves  could  possibly  Increase  line  loss  to  a  value  which  might  make  it  dif¬ 
ficult  to  deliver  full  flow  to  the  model  simulators  unless  a  very  high  supply  pressure 
is  available.  It  was  concluded  after  review  of  the  advantages  and  disadvantages  cf  each 
engine  simulator  that  the  most  appropriate  simulation  system  for  this  particular  example 
should  be  the  14-cm  (5.5-in.)  diameter  fans. 

2.3.4  Static  Thrust  Calibration 

For  most  aerodynamic  testing,  the  primary  variables  that  must  be  properly  simu¬ 
lated  are  the  jet  thrust  exit  area  and  inlet  mass  flow.  It  has  been  shown  and  discussed 
previously  in  figures  9  to  11  that  the  exit  dynamic  pressure  decay  can  be  a  significant 
factor  in  the  simulation  of  aero/ propulsion  interference  effects.  Part  of  the  calibra¬ 
tion  should  include  a  documentation  of  the  dynamic  pressure  decay  for  the  device  used  in 
the  model . 


Proper  calibration  of  inlet  flow  involves  the  use  of  specific  facilities  such 
as  those  shown  in  figures  18  and  19  and  described  in  references  41  and  42,  respectively. 
These  facilities  used  either  a  vacuum  tank  on  the  exit  (fig.  18)  or  a  pressure  tank  on 
the  inlet  (fig.  19)  to  simulate  the  nozzle  pressure  ratio.  Briefly,  the  powered  model 
static  test  stand  (fig.  19,  ref.  42)  allows  direct  reading  of  two  force  components  and 
the  moment  in  the  nozzle  plane  of  symmetry.  The  apparatus  consists  of  a  metric  platform 
supported  by  four  pads  floating  in  mercury.  The  platform  is  restrained  by  load  cells 
which  provide  the  force  and  moment  measurements.  Each  of  the  load  cells  can  be  loaded 
for  calibrations  with  a  special  screw  jack  and  reference  load  cell.  High  pressure  air 
is  supplied  to  the  platform  through  a  flexible  hose  cross-over  system.  The  cross-over 
hoses  terminate  in  the  plenum  chamber.  The  models  attach  to  the  apparatus  at  this 
point.  Proper  simulation  of  the  nozzle  pressure  ratios  encountered  in  the  wind  tunnel 
was  accomplished  by  pressurizing  the  fan  airflow  to  a  total  pressure  of  nearly  1.9 
atmospheres.  At  the  highest  pressure  ratio  setting  and  highest  inlet  total  pressure 
setting,  nozzle  pressure  ratios  were  on  the  order  of  2.7,  Both  the  fan  flow  rate  and 
turbine  flow  rate  were  measured  using  standard  flow  meters.  These  flow  meters  were 
installed  in  the  air  supply  lines  upstream  of  the  thrust  stand. 

The  fundamental  paramet  ^rs  calibrated  were  the  fan  weight  flow  and  the  nozzle 
gross  thrust.  The  fan  weight  flow  calibration  is  based  upon  measured  inlet  flow  con¬ 
ditions.  The  gross  thrust  calibration  is  determined  from  measured  fan  and  turbine 
discharge  characteristics  and  from  local  flow  conditions  external  to  the  nozzle  exit. 

The  pressure  data  were  recorded  using  instrumentation  in  the  engine  simulator.  The 
thrust  was  measured  by  the  powered  model  test  stand.  The  instrumentation  used  in  the 
powered  nacelles  was  sufficiently  redundant  to  provide  different  methods  of  calibration 
for  both  weight  flow  and  thrust.  The  following  discussion  describes  the  version  of  fan 
weight  flow  and  gross  thrust  calibrations  that  were  used  for  the  wind-tunnel  testing. 

The  selected  methods  of  calibration  provide  the  most  accurate  and  straightforward 
results. 


The  pretest  thrust  calibration  procedure  should  include  measurement  of  the 
inlet  weight  flow,  the  total  resultant  thrust  force,  the  deflection  angle  of  the  efflux 
and  dynamic  pressure  decay.  These  calibrations  preferably  should  be  done  both  for  the 
isolated  simulator  device,  and  for  the  simulator  device  assembled  in  the  complete 
airplane  configuration.  The  pretest  calibration  curves  should  be  checked  as  part  of  the 
wind-tunnel  investigation  for  each  model  configuration.  This  check  is  necessary  to 
calculate  the  induced  effects  of  thrust  on  the  aerodynamic  data.  The  importance  of 
checking  the  thrust  calibrations  during  the  tunnel  entry  should  be  emphasized  as  a  major 
way  of  achieving  confidence  in  the  accuracy  of  the  results. 


3.0  TEST  TECHNIQUES 

V/STOL  test  techniques  involve  considerable  attention  to  model  detail  to  be 
sure  that  the  test  configuration  represents  the  desired  configuration.  Examples  of  the 
significance  of  these  details  has  been  shown  in  figures  12  and  13.  The  model  must 
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accurately  represent  the  airplane.  Part  of  good  test  technique  Is  the  checking  or 
rerunning  the  static  calibration  In  the  wind  tunnel  as  discussed  In  the  previous 
section.  The  establishment  of  a  good  test  program  Is  essential  to  the  acquisition  of 
the  necessary  data.  Several  factors  Involved  In  test  program  development  will  be 
discussed  In  the  next  few  sections. 

3.1  V/STOL  Transition  Flight  Representation 

The  estimated  operating  conditions  of  the  full-scale  aircraft  configuration 
through  the  transition  flight  regime  are  needed  before  a  useful  test  plan  can  be  deve¬ 
loped.  An  example  of  the  V/STOL  regime  for  the  AV-8B  aircraft  (ref.  24)  is  illustrated 
in  figure  20  where  the  relationship  between  air  speed  and  the  engine  nozzle  angle  for 
level  flight  Is  shown.  Examination  of  the  shaded  portion  and  the  light  portion  of  the 
plot  shows  that  a  large  number  of  potential  test  conditions  can  be  eliminated  and  a  more 
directed  test  program  can  be  established.  Another  example  of  the  V/STOL  flight  regime 
for  a  transport  type  V/STOL  (ref.  40)  is  presented  in  figure  21  for  the  configuration  in 
the  takeoff  and  in  the  landing  conversions.  The  required  percentage  of  installed  thrust 
and  the  resultant  forward  speed  for  equilibrium  flight  through  transition  is  shown  in 
figure  21.  The  curves  presented  in  figure  22  indicate  the  relationship  between  thrust 
deflection  and  forward  speed,  and  are  plotted  as  a  function  of  the  jet  deflection  angle 
for  the  landing  and  takeoff  conversions.  One  way  to  keep  the  length  of  the  tunnel  entry 
to  a  minimum  is  to  obtain  aerodynamic  data  only  near  the  estimated  operational  effective 
velocity  ratios  and  the  full-scale  dynamic  pressure  shown  by  the  shaded  regions.  For 
example,  detailed  aerodynamic  performance  testing  of  the  configuration  with  a  jet 
deflection  of  0°  at  very  low  velocity  ratios  or  with  a  jet  deflection  of  90°  at  very 
high  velocity  ratios  would  be  unreasonable.  The  flight  vehicle  could  not  operate  under 
these  conditions  and  the  data  generated  would  not  be  representative  of  a  realistic 
flight  envelope. 

3.2  Aerodynamic  Data  Nondiraensionalization 

The  data  from  several  V/STOL  configurations  (fig.  23,  refs.  30,  18,  17,  and  43 
clockwise  from  upper  left  photograph)  that  have  been  tested  in  the  Langley  4-  by  7-Meter 
(V/STOL)  Tunnel  and  in  the  300-MPH  7-  by  10-Foot  Low-Speed  Tunnel  have  been  analyzed  to 
determine  jet-induced  interference  effects.  Configurations  with  the  rear  nozzles  at  the 
wing  trailing  edge  show  beneficial  jet  interference  at  transition  velocity  ratios.  This 
is  illustrated  by  a  wing-canard  configuration  in  figure  24  along  with  data  for  the 
Harrier-type  configuration  showing  the  detrimental  jet  interference  typical  of  con¬ 
figurations  having  nozzles  under  the  wing.  In  order  to  directly  compare  one  con¬ 
figuration  with  another,  figure  25  presents  L/T  versus  Vg  for  several  configurations. 
From  this  more  traditional  approach,  it  would  appear  that  the  wing-canard  configuration 
would  be  the  superior  configuration.  However,  this  approach  does  not  account  for  wing 
or  jet  areas  that  may  be  different  on  each  configuration. 

If,  however,  equation  (1)  is  rearranged,  the  data  can  be  compared  as 
(L/T)  (Aj/S)  versus  (Vg)2,  a  different  conclusion  may  be  evident 


L  =  ^L, power  off  ,  2 
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where  the  first  term  on  the  right  hand  side  of  the  equation  is  the  slope  and  is  a  func¬ 
tion  of  the  power-off  configuration  Cl,  and  the  second  term  is  the  intercept  and  is  a 
function  of  jet  aiea.  Therefore,  the  higher  the  power-off  Cl.  the  better  the  con¬ 
figuration  should  be  in  transition;  the  larger  the  disk  or  jet  area,  and  hence  lower 
disk  loading,  the  better  the  configuration  should  be  in  hover.  Several  points  can  be 
noted;  (1)  the  (L/T)  (Aj/S)  parameter  is  nearly  linear  with  (Vg)2;  (2)  the  slope  of  the 
parameter  is  indicative  of  the  configuration  aerodynamic  lift  coefficient  and  is  thus  a 
measure  of  how  well  it  might  perform  in  transition  flight;  (3)  the  value  of  the  para¬ 
meter  at  the  Intercept  when  Vg  =  0  is  indicative  of  how  well  the  configuration  can 
hover;  and  (4)  any  difference  between  the  data  and  the  plot  of  calculated  (L/T)  (Aj/S) 
is  an  indication  of  the  interference  present.  The  data  in  figure  26  show  the  same 
interference  trends  for  the  wing-canard  configuration  and  the  Harrier-type  configuration 
as  in  figure  25.  Where  the  data  of  figure  25  show  the  wing-canard  configuration  to  be 
superior,  in  figure  26,  it  is  shown  to  have  inferior  hover  performance  because  it  is  a 
higher  pressure  ratio  concept.  These  configurations  are  compared  at  several  angles  of 
attack  and  nozzle  deflections  in  reference  44. 

Several  general  trends  can  be  noted.  Those  configurations  with  nozzles  at  or 
near  the  wing  trailing-edge  flaps  have  high  slopes  and  generally  beneficial  interference 
effects  indicating  potentially  good  transition  characteristics.  However,  these  con¬ 
figurations  tend  to  have  small  nozzle  areas  and  a  resultant  high  thrust  loading  which 
make  them  poor  hovering  configurations.  The  Harrier-type  configuration  with  nozzles 
below  the  wing  has  detrimental  interference  effects  indicating  poorer  transition  charac¬ 
teristics.  However,  this  configuration  had  a  larger  jet  area  and  showed  better  hovering 
characteristics.  While  many  other  data  nondlmenslonallzatlon  formats  could  be  used, 
these  data  analyses  are  intended  to  Illustrate  the  importance  of  the  format  selection 
when  evaluating  data  from  a  particular  V/STOL  aircraft  or  when  comparing  several  V/STOL 
aircraft. 
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WIND-TUNNEL  WALL  AND  GROUNDPLANE  EFFECTS 


4.1  Wind-Tunnel  Wall  Effects 

The  primary  work  on  wind-tunnel  wall  effects  and  their  corrections  for  V/STOL 
configurations  was  done  by  Heyson  (refs.  45  to  47).  This  work  differs  from  classicial 
corrections  (ref.  48)  because  it  eliminates  the  small  angle  assumption  for  the  change  in 
angle  of  attack  due  to  wall  effects.  It  was  shown  that  theoretical  correction  is  effec¬ 
tive  if  the  magnitude  of  wall  Interference  is  kept  within  reasonable  bounds.  The  wall 
interference  tends  to  be  proportional  to  lift  coefficient.  As  a  result,  it  is  quite 
large  for  V/STOL  configurations  where  the  lift  coefficient  approaches  infinity  as  the 
forward  speed  approaches  zero. 

The  character  of  the  flow  distortion  caused  by  the  presence  of  the  walls  is 
typified  by  nonuniform  Interference  as  illustrated  in  figure  27.  Variations  of  flow 
angularity  occur  across  the  span  of  the  test  section  and  affects  the  wind-tunnel  model 
as  a  wash-in  twist  distribution  (local  a  Increase  from  wing  root  to  wing  tip).  Proper 
correction  requires  that  the  wing  spanload  distribution  be  corrected  to  the  uniform 
free-air  flow  angle.  Variations  of  flow  angularity  along  the  length  of  the  test  section 
due  to  wall  interference  can  present  a  more  serious  problem.  Over  the  length  of  the 
vehicle,  the  distortion  can  be  large  enough  to  provide  an  aerodynamic  change  in  both 
tail  incidence  and  height.  Effectively,  the  model  is  distorted  from  the  configuration 
which  it  was  originally  intended  to  represent.  Corrections  for  these  longitudinal  angu¬ 
larity  variations  are  most  difficult  as  shown  below. 

A  systematic  investigation  (ref.  49)  of  the  wind-tunnel  wall  effects  was  con¬ 
ducted  in  several  different  wind-tunnel  test  sections  using  the  model  shown  in  figure  28. 
The  fan-ln-w  Ing  model  used  a  20-cm  (8-in.)  diameter  fan  mounted  in  each  side  of  a  low- 
aspect-ratio  wing.  The  wing-fuselage  was  mounted  on  a  strain-gage  balance  with  the 
horizontal  tail  mounted  on  a  separate  strain-gage  balance.  A  sample  of  the  data 
obtained  on  the  wing-fuselage  at  an  angle  of  attack  of  16°  is  presented  in  figure  29. 
Without  corrections,  the  lift-thrust  ratio  appears  to  be  inversely  proportional  to  the 
cross-sectional  area  of  the  test  section.  With  corrections,  excellent  correlation  of 
the  wing  lift  parameter  is  achieved  throughout  the  range  of  effective  velocity  ratio. 

This  indicates  that  the  chordwise  and  spanwise  variations  of  flow  angularity  at  the  wing 
due  to  wall  interference  have  been  properly  accounted  for. 

A  sample  of  the  data  obtained  on  the  tail  at  an  angle  of  attack  of  only  0°  is 
presented  in  figure  30.  Without  corrections,  the  tail  normal-force  coefficient  shows 
considered  scatter  at  the  low  velocity  ratios.  There  are  no  discernable  trends  with 
change  in  test  section  cross-sectional  area.  With  corrections,  there  is  a  change  in 
local  angle  of  attack  especially  at  the  low  velocity  ratios  as  shown  by  the  more  nega¬ 
tive  tail  normal  force  coefficients.  However,  the  corrections  are  not  effective  in 
reducing  the  data  scatter  and  providing  consistent  experimental  results.  These  data 
show  that  there  is  a  limit  to  which  these  corrections  can  be  applied. 

This  limit  was  experimentally  investigated  in  detail  by  Tyler  and  Williamson 
(ref.  50)  and  was  found  to  be  a  function  of  the  jet  height  above  the  tunnel  floor  and 
the  effective  diameter  of  the  jets.  (See  fig.  31.)  The  effective  velocity  ratio  (for  a 
configuration  with  two  laterally  spread  jets)  at  which  the  jet  exhaust  impinged  on  the 
floor  was  experimentally  determined  to  be: 


V^'  =  1.31  Dg/h  (3) 

Assuming  a  Dg/h  of  0.143  for  a  typical  model  (ref.  40)  which  is  mounted  7  effective 
diameters  above  the  floor,  Vg'  becomes  0.187.  It  was  found,  based  on  data  taken  with  a 
model  in  various  tunnel  sizes,  that  the  effect  of  the  walls  could  be  corrected  to  free 
air  with  an  effective  velocity  ratio  of  65  percent  of  the  stagnation  point  velocity 
ratio  Vq' .  For  Dg/h  of  0.143,  this  Vg  becomes  0.121.  Using  the  correction  tech¬ 

nique  described  in  references  45  and  46 'and  keeping  the  maximum  correction  to  angle  of 
attack  Aa  at  the  tail  to  5°,  resulted  in  a  Vg  niin  0.125.  Testing  below  this 
minimum  velocity  ratio  would  cause  a  vortex  to  be  formed  ahead  of  the  model  (as  shown  in 
fig.  31)  which  would  encircle  the  model  Inducing  flow  patterns  inconsistent  with  the 
free-air  condition.  Another  suggestion  (ref.  51)  for  a  limiting  test  condition  is  to 
terminate  testing  when  the  deflected  lifting  wake  impinges  2.5  wing  spans  downstream 
from  the  model.  This  is  consistent  with  Turner's  criteria  for  use  of  a  moving-belt 
groundplane  which  will  be  discussed  in  Section  4.3. 

4.2  Conventional  Groundplane 

The  effect  of  the  boundary  layer  developed  on  a  conventional  groundboard  was 
studied  in  reference  52  to  identify  expected  adverse  effects.  The  experiments  were  made 
using  a  carriage  to  move  a  model  through  still  air  over  the  ground  in  the  same  fashion 
as  an  airplane  landing  or  taking  off.  This  same  model  was  then  tested  over  a  conven¬ 
tional  fixed  groundboard  in  a  wind  tunnel.  The  lift-loss  increment  over  the  fixed 
groundboard  was  much  greater  than  that  experienced  with  the  moving  model  technique  which 
represents  the  true  loss  in  lift  that  this  type  of  configuration  would  experience  in 
ground  effect.  There  is  an  additional  lift  loss  for  the  wind-tunnel  results  caused  by 
the  boundary  layer  on  the  conventional  fixed  groundboard.  Figure  32  shows  schematically 
the  type  of  flow  that  has  been  observed  conventional  groundboard  tests  with  only  the  air 


moving  and  in  moving  model  tests  as  observed  in  O.N.E.R.A.  water-tunnel  flow  visualiza¬ 
tion  experiments  (ref.  53).  The  top  sketch  shows  the  flow  pattern  around  the  model 
moving  at  free-stream  velocity  with  no  boundary-layer  induced  velocity  reduction  as 
illustrated  by  the  vector  sketch  on  the  left.  The  jet  sheet  from  the  model  impinges  on 
the  groundboard  with  some  of  the  sheet  attempting  to  flow  forward  under  the  model.  This 
forward  flow  can  penetrate  the  high  energy  free-stream  air  only  a  short  distance.  The 
bottom  sketch  shows  the  flow  field  around  the  model  over  a  fixed  groundboard  with  the 
velocity  profile  at  the  left  showing  the  loss  in  velocity  in  the  boundary  layer  on  the 
groundboard.  The  jet  sheet  impinges  as  before  but  the  part  of  the  sheet  that  flows  for- 
w  ard  under  the  model  nearest  the  groundboard  can  penetrate  farther  upstream  because  of 
the  lower  energy  of  the  airstream  in  the  boundary  layer;  this  upstream  penetration  by 
the  jet  sheet  can  separate  the  boundary  layer  even  upstream  of  the  model.  This 
boundary-layer  separation  results  in  an  appreciable  alteration  of  the  flow  field  in  the 
vicinity  of  the  model  as  indicated  by  the  relocation  of  the  stagnation  streamline.  It 
is  apparent  that  the  boundary  layer  on  the  groundboard  must  be  eliminated  for  proper 
ground  simulation. 

4.3  Moving-Belt  Groundplane 

Several  research  organizations  have  developed  moving-belt  groundplanes  to 
better  simulate  the  ground  effect  and  eliminate  the  boundary  layer  found  in  wind  tun¬ 
nels.  A  sketch  of  one  of  the  first  moving-belt  groundplanes  developed  (ref.  54)  is  pre¬ 
sented  in  figure  33.  This  elaborate  moving-belt  groundplane  was  developed  at  the  Royal 
Aircraft  Establishment  for  tests  with  speeds  up  to  27.4  m/sec  (90.0  ft/sec).  The  lower 
part  of  the  figure  shows  the  effectiveness  of  the  belt  in  removing  the  ground  boundary 
layer  and  achieving  an  approximately  uniform  velocity  profile  down  to  the  groundplane 
surface.  Turner  (ref.  52)  developed  several  moving-belt  groundplanes  at  the  NASA 
Langley  Research  Center.  A  variety  of  aircraft  configurations  have  been  tested  over 
these  moving-belt  groundplanes.  In  general,  configurations  which  operate  at  high  cir¬ 
culation  lift  coefficients  such  as  a  tilt  wing,  jet  flap  and  in  some  cases,  unpowered 
double-slotted  flap  configurations,  require  the  belt.  A  correlation  of  conditions 
requiring  the  moving  belt  groundplane  is  presented  in  figure  34  for  combinations  of  lift 
coefficient  and  configuration  height  to  span  ratio  for  conditions  which  do  or  do  not 
require  the  moving-belt  groundplane.  Above  the  correlation  line  lie  the  combinations  of 
lift  coefficients  and  height  ratios  where  a  conventional  groundplane  is  adequate.  Below 
the  correlation  line  lie  the  combinations  where  a  moving  belt  is  required.  Near  the 
correlation  line  is  a  series  of  symbols  for  three  different  aircraft  configurations. 

The  sketch  at  the  right  side  of  the  figure  illustrates  the  meaning  of  the  symbols.  Data 

were  taken  with  a  conventional  groundplane  (dashed  line)  and  with  a  moving-belt 

groundplane  (solid  line).  When  the  curves  were  different,  the  difference  showed  a 

reduction  in  lift-curve  slope  at  some  lift  coefficient  for  the  data  taken  with  a  conven¬ 

tional  groundplane  as  illustrated  in  figure  34.  This  condition  identified  a  maximum 
lift  coefficient  at  a  given  ground  height  when  the  conventional  groundplane  no  longer 
provided  a  simulation  of  ground  height  consistent  with  that  provided  by  the  moving-belt 
groundplane.  The  symbols  on  figure  34  thus  identify  a  number  of  test  conditions  where 
Turner  (ref.  52)  showed  the  moving  belt  was  needed  to  obtain  a  valid  simulation  of 
ground  effect.  The  correlation  line  in  figure  34  corresponds  to  the  height  above  the 
ground  computed  by  assuming  that  the  effective  wake  for  the  lifting  surface  impinges  on 
the  ground  at  a  distance  of  2.5  spans  downstream  from  the  model.  This  wake  deflection 
angle  is  related  to  the  wake  skew  angle  described  by  Heyson  in  reference  51.  The 
agreement  between  the  plotted  points  and  the  solid  line  or  boundary  is  apparently 
significant.  It  is  interesting  to  note  that  the  downstream  distance  of  2.5  spans  is 
almost  the  same  as  the  impingement  distance  at  which  recirculation  effects  in  the  wind 
tunnel  begin  to  produce  the  limiting  test  condition  (section  4.1)  effects  on  the  data  as 
shown  by  Heyson  (ref.  55).  The  conventional  groundplane  is  adequate  for  those  com¬ 
binations  of  lift  and  height  occurring  at  conditions  which  are  above  the  boundaries 
shown  by  the  solid  line.  For  those  combinations  falling  below  the  boundaries  shown,  the 
moving  belt  is  required. 

Results  are  presented  in  figure  35  for  a  powered  low-aspect-ratio  wing  in 
ground  effect  (ref.  55)  showing  the  effect  of  the  moving  belt  on  the  ground  effect. 

The  lift  and  drag  coefficients  are  presented  as  a  function  of  height  for  this  con¬ 
figuration  with  a  20°  flap  deflection,  a  24°  nacelle  deflection  and  an  angle  of  attack 
of  0°.  In  all  cases,  the  boundary  layer  was  removed  ahead  of  the  model.  A  residual 
boundary  layer  approximately  2.5  cm  (1.0  in.)  thick  developed  between  the  upstream  loca¬ 
tion  of  the  boundary-layer  removal  section  and  the  location  of  the  model.  On  the  curve 
of  lift  coefficient  as  a  function  of  height,  the  shaded  region  in  the  upper  left-hand 
corner  represents  the  region  determined  by  Turner  (ref.  53)  and  presented  in  figure  34 
where  the  moving  belt  was  needed  to  get  the  correct  lift  on  the  model.  The  data  pre¬ 
sented  in  figure  34  for  a  powered  wing-ln-ground  effect  (ref.  55)  includes  results  with 
the  moving  belt  stopped  and  with  the  moving  belt  at  free-stream,  velocity.  The  lift 
coefficient  data  for  the  power-off  condition  shows  essentially  no  difference  due  to  the 
belt.  The  two  power-on  curves  show  only  a  moderate  difference  at  the  lowest  height  for 
the  data  presented.  It  is  suggested  that  for  this  low-aspect-ratio  configuration,  the 
removal  of  the  boundary  layer  was  sufficient  to  obtain  an  appropriate  groundplane  simu¬ 
lations  over  the  range  of  lift  and  height  considered.  In  general,  other  tests  (ref.  52) 
have  shown  that  configurations  in  which  the  lift  is  concentrated  in  discrete  jets  such 
as  direct  jet  V/STOL  or  tilt-up  or  nacelle  configurations  do  not  require  the  belt. 
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5.0  CONCLUDING  REMARKS 

The  present  paper  has  looked  at  some  of  the  critical  considerations  for  wind- 
tunnel  investigations  of  jet  V/STOL  aircraft  configurations.  Aspects  ranging  from  model 
design  to  test  techniques  and  data  presentation  have  been  considered.  Possible  problems 
can  be  anticipated  and  corrected.  For  example,  semispan  models  may  be  useful  for 
measurement  of  STOL  longitudinal  aerodynamic  characteristics.  They  are  usually  unsatis¬ 
factory  for  lateral-directional  aerodynamic  characteristics  and  are  definitely  unsatis¬ 
factory  for  ground  effects. 

The  art  as  discussed  emphasized  the  need  for  thorough  pretest  preparation 
starting  with  a  clear  definition  of  the  investigation  objectives,  careful  selection  of 
model  concepts,  and  the  engine  simulator  devi<'e.  While  metric  engine  simulations 
require  detailed  attention  to  air  line  interference  effects,  they  can  provide  the  better 
representation  of  overall  aerodynamics.  Nonmetric  engine  simulators  require  careful 
design  attention  to  avoid  balance  fouling;  however,  they  provide  the  most  precise 
measurement  of  thrust  induced  effects.  Once  the  model  is  put  together,  a  complete  pre¬ 
test  static  calibration  and  checkout  and  fitting  of  all  the  parts  and  configurations  is 
essential . 

In  planning  the  test  program,  a  first  essential  is  limiting  the  tests  to  only 
those  aspects  of  the  flight  envelope  that  relate  to  the  transition  flight  regime.  Some 
thoughts  are  suggested  on  forms  for  nondimensionalizing  aerodynamic  data  to  clearly 
assess  the  interference  effects.  A  new  data  nondimensionalization  format  is  suggested. 
At  zero  flight  velocity,  the  format  provides  a  value  which  is  indicative  of  hover  effi¬ 
ciency.  At  transition  flight  speeds,  the  format  is  linear  with  respect  to  flight  velo¬ 
city  and  provides  a  direction  indication  of  aero/propulsion  interference  on  aircraft 
performance . 

Finally,  the  wind-tunnel  wall  effects  are  discussed  with  emphasis  on 
groundplane  effects.  Wind-tunnel  wall  corrections  by  Heyson  are  effective  for  con¬ 
ditions  ranging  from  cruise  down  into  the  transition  speed  regime.  It  is  recommended 
that  this  method  be  used  to  correct  for  wall  effects  and  to  assess  validity  of  tran¬ 
sition  test  results.  The  Tyler  and  Williamson  expression  for  the  minimum  effective 
velocity  condition  for  data  which  can  be  corrected  to  free-air  conditions  should  be  used 
when  planning  a  test  of  V/STOL  aerodynamic  transition  characteristics.  It  is  concluded 
that  for  configurations  having  the  lift  spread  over  the  span  of  the  wing,  the  moving- 
belt  groundplane  technique  may  be  essential;  for  jet-lift  configurations  with  discrete 
jets,  the  moving  belt  is  of  lesser  importance. 
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TABLE  1.  THRUST  INDUCED  EFFECTS 


Thrust  On  Balance 

Thrust  Off  Balance 

High  pressure  air 

Must  cross  balance 

Does  not  cross  balance 

Direct  thrust  effects 

On  balance 

Obtained  from  calibration 

Thrust-induced 

effects 

On  balance 

Almost  but  not  all  on 
balance 

Forces  induced  on 
nacelle  installations 

Included  in  force  data 

Obtained  by  analysis 

Balance  design 

Critical  in  design  of 
support  system 

Standard  technique 

Model  fouling 

No  problem 

Critical  in  design  of 
support  system 

Thrust  calibration 

Ess  ential 

Necessary  but  not  critical 

Pressure  tares 

Balance  design  must 
ensure  pressures  tares 
are  low  compared  with 
forces  being  measured 

Not  critical 

TABLE  2.-  THRUST  SIMULATION 


Nacelle  type 

Air  Supply 
Requirement 

Principal 

Simulations 

Other 

Simulation 

Capabilities 

Comment 

Flow 

None 

o  Inlet  geometry 
o  Inlet  Vj/V*  at 
one  macn 

o  Dual  flow 

o  Simple 

o  Good  for  aerody¬ 
namic  drag  studies 

Blown  Jet 

Large 

o  Exhaust  nozle 
geometry 
o  Gross  thrust 

o  Dual  flow 
o  Hot  gas 

o  Simple  operation 
o  Erroneous  inlet 
contribution 

Ejector 

Moderate 

o  Inlet  geometry/or 
o  Exhaust  nozzle 
geometry/and 

0  Gross  thrust 

o  Dual  flow 

o  Inlet  and  exhaust 
flow  not  simulated 
simultaneously 

Turbine 

Powered 

Small 

o  Inlet  geometry 
and/or  exhaust 
nozzle  geometry 
o  Inlet  Vi/V»  and 
not  gross  thrust 
o  Gross  thrust  and 
not  inlet  Vj^/v* 

o  Sensitive 
mechanism 
o  Difficult  to 

simulate  inlet  and 
exhaust  flow 
simultaneously 

Figure  1.-  i.xiimples  of  several  complex  rotor  models. 
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Figure  2.-  Examples  of  several  complex  STOL  and  V/STOL  models 
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Figure  3.-  Geometry  relationship  of  a  semi- 
span  model  and  of  a  full-span  model  of  the 
C-14  in  two  wind-tunnel  test  sections 
(ref.  23). 
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Figure  4.-  Effect  of  a  reflection  plane  on 
the  measured  upflow  velocities  in  the  foun¬ 
tain  flow  caused  by  two  jets  exiting  ver¬ 
tically  near  the  ground.  The  nozzles  were  at 
a  height  (h/D)  of  3  and  the  upflow  veloci¬ 
ties  were  measured  in  the  nozzle  exit  plane 
at  a  lateral  distance  (y/h)  of  1/3  (ref.  27). 


Figure  6.-  Effect  of  thrust  on  balance 
(metric  or  nonmetric)  data  for  a  typical 
powered-lift  configuration. 
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Figure  7,-  Model  concept  for  aero/propulsion 
interaction  measurement  with  a  nonmetric 
balance  (from  ref.  22). 
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Figure  5.-  Effect  of  a  reflection  plane  on 
the  measured  inlet  air  temperature  rise 
resulting  from  the  fountain  flow  caused  by 
two  Jets  exiting  vertically  near  the  ground 
(ref.  29). 


ENGINE  EXHAUST 
AT  6j  =  90° 


Figure  8.-  Effect  of  inlet-weight  flow  on 
the  longitudinal  aerodynamic  characteristics 
of  a  subsonic,  vectored-thrust  V/STOL 
configuration  (ref.  30). 
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Figure  9.-  Effect  of  plug  tip  location  on 
jet  centerline  dynamic  pressure  decay  in 
hover  ( ref .  34 ) . 


hd 

Figure  12.-  Influence  of  fuselage  bottom 
edge  radius  on  induced  lift  of  a  lift-jet 
configuration  in  ground  effect  (ref.  37). 


Figure  10.-  Nondimensional  hover  lift  loss 
for  a  simple  jet  and  a  jet  with  several 
plug  tip  locations  (ref.  35). 
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Figure  13.-  Effect  of  wing  sweep  on  two 
aspect-ratio-7  externally  blown  flap 
configuration  compared  with  YC-15 
flight  data  (ref.  38). 


Figure  11.-  Nondimensional  transition  flight 
lift  loss  for  a  simple  jet  and  a  jet  with 
several  plug  tip  locations  (ref.  36). 
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Figure  14.-  Example  of  a  full-scale  lift-fan 
configuration  and  three  simulators  which  can 
be  used  in  a  powered  wind-tunnel  model. 
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Figure  18.-  Powered  nacelle  installation  in 
vacuujn  type  static  calibration  facility 
(ref.  41). 
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Figure  16.-  Comparison  of  inlet-weight  flow 
for  the  fan  and  model  simulators. 
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Figure  19.-  Powered  nacelle  installation  in 
a  pressure  type  static  calibration  facility 
(ref.  42). 
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Figure  17.-  Comparison  of  high  pressure 
drive  air  required  to  power  the  model 
simulators. 
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Figure  20.-  AV-8  V/STOL  flight  operations 
envelope  (ref.  24). 
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Figure  21. ~  Estimated  requirements  for 
installed  thrust  and  jet  deflection  through 
the  transition- flight  regime. 
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Figure  22.-  Powered  wind-tunnel  model 
operating  conditions  required  to 
represent  transition  flight. 


Figure  23.-  Several  V/STOL  configurations  installed  in  the  NASA  Langley 
4-  by  7-Meter  (V/STOL)  Tunnel:  vectored  thrust  (ref.  30);  Kestrel  (ref.  18); 
six-jet  V/STOL  (ref.  43);  and  lift-lift/cruise  (ref.  44). 
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Figure  25.-  Traditional  transition 
performance  parameter. 


Figure  27.-  Nonuniform  flow  Interference  on 
wind-tunnel  models  which  represent  an  effec¬ 
tive  distortion  of  the  corresponding  vehicle 
In  free  air  (ref.  47). 
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Figure  26.-  Revised  transition  performance 
parameter. 


Figure  28.-  Fan-in-wlng  wind-tunnel  aiodel 
used  to  Investigate  wind-tunnel  wall 
effects  (ref.  49). 
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Figure  29.-  Sample  of  wind-tunnel  wall 
effects  showing  the  effect  of  test  section 
size  and  the  effect  of  wall  correction 
theory  on  wing  lift  at  an  angle  of  attack 
of  160  49). 
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Figure  30.-  Sample  of  wind-tunnel  wall 
effects  showing  the  effect  of  test  section 
size  and  the  effect  of  wall  correction 
theory  on  tail  normal  force  at  an  angle 
of  attack  of  0°  (ref.  49). 
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Figure  31.-  Minimum  speed  testing  limit  for' 
a  configuration  with  two  side-by-side 
lifting  jets  at  h/Dg  =  7  (ref.  50). 
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Figure  33.-  Early  moving-belt  groundplane 
developed  by  RAE  (ref.  54)  including  the 
effects  of  belt  velocity  and  boundary-layer 
suction  on  the  ground  boundary-layer  profiles 
on  the  moving  belt. 

O  DOUBUE  SLOTTED  FLAP,  A  =  10 


Figure  34.-  Correlation  of  combinations  of 
lift  coefficient  and  configuration  height  to 
span  ratio  to  show  which  combinations 
require  use  of  moving  belt  of  which 
combinations  allow  use  of  conventional 
ground  plane  (ref.  52). 


Figure  32.-  Sketches  of  flow  over  a  ground- 
plane  for  both  the  case  with  the  model 
moving  and  the  case  with  only  air 
moving  (ref.  53) 
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Figure  35.-  The  effect  of  the  moving  ground 
belt  on  the  powered  wing-in-ground  effect  with 
the  ground  boundary-layer  removal  compressor 
on  and  both  with  and  without  the  moving  belt 
operating  (ref.  55).  The  shaded  part  of  the 
Ci-h/b  plot  illustrates  the  Turner  criteria 
(ref.  53). 
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*The  Modelling  and  Prediction  Of 
Multiple  Jet  VTOL  Aircraft  Flow  Fields  in  Ground  Effect 

-t-Donald  R.  Kotansky 
McDonnell  Aircraft  Co. 

McDonnell  Douglas  Corporation 
St.  Louis,  MO,  USA 


SUMMARY 

An  engineering  methodology  based  on  an  empirical  data  base  and 
analytical  fluid  dynamic  models  has  been  developed  for  the  prediction 
of  propulsive  lift  system  induced  aerodynamic  effects  for  multiple 
lift  jet  VTOL  aircraft  operating  in  the  hover  mode  in  and  out  of 
ground  effect.  The  methodology  takes  into  account  the  effects  of 
aircraft  geometry,  aircraft  orientation  (pitch,  roll)  as  well  as 
height  above  ground.  Lift  Jet  vector  and  splay  directions  with 
respect  to  the  alrfrasie,  lift  jet  exit  flow  conditions,  and  both 
axisymmetric  and  rectangular  nozzle  exit  geometry  are  also 

accommodated.  The  methodology  has  been  embodied  in  a  computer  code 
which  accommodates  configurations  with  up  to  six  lift  jets. 

In  ground  effect,  the  prediction  methodology  proceeds  logically 
from  the  aircraft  lift  jet  exits  through  the  free  jets,  jet 
inpingement  points,  wall  jets,  fountain  bases  (stagnation  lines)  and 
fouiitain  upwash  flow  and  inpact  on  the  airf reuse  undersurface.  The 
induced  suckdown  flows  are  computed  from  the  potential  flowfield 
induced  by  the  turbulent  entrainment  of  both  the  free  jets  and  wall 
jets  in  ground  effect  and  from  the  free  jets  alone  out  of  ground 
effect.  Key  elements  of  this  methodology  Including  geometric 
considerations,  conputatlon  of  stagnation  lines  and  fountain  upwash 
inclination,  fountain  upwash  formation  and  development,  and  fountain 
impingement  on  the  airframe  are  enphasized  in  this  paper. 


NOMENCLATURE 


A  Area 

AR  Aspect  ratio 

D  Jet  exit  diameter  (circular  nozzle),  nozzle  exit  width  (rectangular  nozzle) 

f (  ♦)  Radial  momentum  flux  distribution  about  jet  inpingement  point  (normalized) 

H  Nozzle  exit  height  above  ground  plane  measured  perpendicular  to  ground  plane 

L  Nozzle  exit  length  (rectangular  nozzle) 

ih  Mass  flow 

M  Momentum  flux 

N  Normal  distance  above  ground  plane  in  wall  jet,  number  of  jets  in  idealized  lift 

system 

MPR  Nozzle  pressure  ratio 

R  Radial  distance 

S  Nozzle  exit  centerline  spacing 

S'  Distance  between  jet  impingement  points  on  ground  plane 

^Portions  of  this  work  were  supported  by  the  Naval  Air  Development  Center  (contract 
N62269-76-C-0086) ,  the  NASA  Ames  Research  Center  (contracts  NAS2-9646  and  NAS2-10184),  the 
Office  of  Naval  Research  (contract  N00014-79-C-0130)  and  McDonnell  Aircraft  Conpany 
Independent  Research  and  Development  resources. 


^Branch  Chief-Technology,  Aerodynamics 
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V 

•v/2  Velocity  profile  width  at  point  in  profile  where  V  -  max 

U  Wall  jet  velocity 

V  Jet  or  fountain  velocity 

X.Y.Z  Cartesian  coordinates  with  Z  normal  to  the  ground  plane 

a  Jet  iiqpingement  angle  measured  from  ground  plane 

Y  Momentum  normalization  correction 

<l>  Stagnation  line  slope  in  ground  plane 

Fountain  sidewash  angle  measured  frc»n  the  ground  plane 
Momentum  flux  magnitude  recovery  (conservation)  factor 
P  Density 

Azimuthal  angle  in  ground  plane;  4)  ~  0*  in  direction  of  the  horizontal  component 
of  free  jet  mean  velocity  in  oblique  in^ingement  situations 

Co^utational  polar  angle  measured  in  the  ground  plane  about  a  jet  impingement 
point  reference  to  the  line  joining  the  jet  iiq>ingement  points 

u  Fountain  upwash  inclination  measured  from  the  ground  plane 

Subscripts 

1 . 2  Jet  designation 

f  Fountain,  final 

fl  Fountain  inqplngement 

j  Jet 

je  Jet  exit 

max  Maximum 

min  Minimum 

N  Normal 

o  Initial 

R  Radial 

TH  Theoretical 

wj  Wall  jet 


INTRODUCTION 


The  design  of  successful  high  performance  military  VTOL  aircraft  requires  a  critical 
blend  of  new  propulsive  lift  system  technology  with  tried  and  proven  CTOL  high  speed 
aircraft  characteristics*  The  VTOL  aircraft  configuration  analyst  is  beset  with  a  myriad 
of  performance  requirements,  airframe  configuration  variables  and  propulsive  lift  system 
options;  yet  there  is  a  dearth  of  useful  vehicle  performance  prediction  methods  to  aid  in 
the  identification  of  promising  vehicle  configurations.  This,  in  combination  with  the 
many  physical  variables  involved  can  result  in  a  largely  subjective  and  empirical  approach 
to  vehicle  configuration  definition  based  on  past  experience.  The  unique  operational 
requirements  of  VTOL  aircraft  that  are  responsible  for  this  complex  design  dilemma  are,  of 
course,  the  vertical  and  transition  flight  requirements.  These  flight  modes  necessitate  a 
knowledge  of  forces  and  moments  on  the  vehicle  which  are  unfcunillar  to  the  CTOL  aircraft 
designer.  niese  flowfield  effects  are  characteristically  dependent  on  the  selected 
propulsive  lift  system  and  its  physical  integration  into  the  airframe  due  to  the 
interactive  nature  of  the  lift  jet  induced  aerodynamics  on  the  airframe.  These  jet 
induced  flowfield  interactions  occur  in  the  transition  and  in  the  hover  flight  modes  both 
in  and  out  of  ground  effect.  A  purpose  of  this  paper  is  to  provide  an  insight  and 
quantitative  basis  for  the  siodelling  and  prediction  of  multiple  jet  induced  flowfields  and 
the  resulting  aerodynamic  forces  and  moments  on  the  airframe  in  ground  effect.  A 
propulsion  system  designed  without  taking  into  account  the  induced  forces  may  not  provide 
sufficient  thrust  for  an  adequately  controlled  takeoff  without  a  reduction  in  payload.  In 
addition  to  these  induced  net  loads,  situations  are  encountered  Where  unfavorable  moswnts 
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are  produced  on  the  airframe,  resulting  In  significant  stability  and  control  problems. 
Until  accurate,  general  purpose  flowfleld  prediction  techniques  become  available  for  these 
ccnpllcated  viscous  flowflelds,  dependence  on  wind  tunnel  testing  for  design  and 
performance  verification  will  be  relatively  high. 

The  Induced  forces  (and  moments)  In  and  out  of  ground  effect  usually  result  from  one 
of  two  reasonably  well  understood  flow  phenomena.  These  are  jet  entrainment  and  the 
formation  of  jet  flow  fountains.  Jet  entrainment  causes  otherwise  static  air  to  be  set 
Into  motion,  resulting  in  locally  reduced  static  pressures  on  nearby  airframe 
undersurfaces  thus  Introducing  negative  aerodynamic  loads.  The  jet  entrainment  effect 
occurs  both  in  and  out  of  regions  Influenced  by  the  presence  of  the  ground  but  is 
frequently  accentuated  as  the  distance  between  the  nozzle  exit  and  the  ground  is  reduced. 
This  is  attributable  to  the  proximity  of  the  additional  entrainment  resulting  from  the 
ground  wall  jets.  The  flowfleld  about  a  VTOL  aircraft  hovering  in  ground  effect  is  shown 
schematically  in  Figure  1. 


Fig.  1  Flowfleld  About  a  VTOL  Aircraft  Hovering 
in  Ground  Effect 


The  formation  of  jet  flow  fountains  requires  the  impingement  of  the  jets  on  the 
ground  or  shipboard  landing  pad  and,  therefore,  is  peculiar  to  operation  close  to  the 
ground.  The  formation  of  fountains  is  configuration  dependent  in  that  multiple  jets  are 
required.  The  jet  impingement  points,  relative  strengths  of  the  jets,  and  jet  impingement 
angles  influence  the  characteristics  of  the  fountain.  The  upward  convection  of  jet  flow 
in  the  fountains  usually  results  in  a  positive  aerodynamic  lift,  caused  by  the  positive 
pressurization  of  airframe  undersurfaces  containing  and  deflecting  the  fountain  flow. 
Because  of  the  upward  convection  of  the  lift  jet  flow  in  the  fountains,  a  degradation  of 
propulsion  system  performance  may  result  from  exhaust  gas  ingestion.  In  this  respect, 
fountains  can  also  be  detrimental  to  VTOL  aircraft  performance  in  proximity  to  the  ground. 
Significant  VTOL  hover  flowfleld  Interactions  and  their  resulting  effects  on  vehicle 
performance  in  ground  effect  are  sunmarized  in  Figure  2. 

The  following  sections  of  this  paper  will  outline  the  empirically  based  meth^ology 
developed  by  the  McDonnell  Aircraft  Company  (MCAIR)  for  the  modelling  and  predict  on  of 
multiple  jet  V/STOL  aircraft  flowflelds  in  ground  effect.  This  methodology  was  de'  ;loped 
during  the  period  from  1975  through  1980.  The  reader  will  be  referred  to  appro,  riate 
published  references  for  detailed  mathematical  developments  and  thorough  documentation  of 
experimental  data.  Key  elements  in  the  development  of  the  methodology  will  be  emphasized 
in  this  paper. 


•  Lift  Loss  (Suck-Oown)  — “-Turbulent  Jet  Entrainment 

•  Lift  and  Moment  Sensitivity — “-Deflection  of  Fountains 
to  Pitch  and  Roll 

•  Lift  and  Moment  Sensitivity — “-Deflection  of  Jets  and  Fountains 

to  Cross-Winds  by  Cross-Winds  and  Cross-Wind 

induced  Aerodynamic  Loads 

•  Engine  Thrust  Loss  from  — “-Fountain,  Cross-Wind  and 

Exhaust  Gas  Ingestion  Buoyant  Convection  of  Hot 

_ Exhaust  Gas _ 

OPIS^MII  2 

Fig.  2  VTOL  Flowfleld  Interactions  in  Ground  Effect 


GEOMETRIC  CX3HSIDERATIONS 


The  viscous  (turbulent)  flowfleld  between  a  multiple  jet  VTOL  aircraft  and  the  ground 
is  strongly  dependent  on  many  geometric  factors  related  to  the  geometry  of  the  airframe, 

integration  of  the  propulsive  lift  system  including  the  geometry  of  the  nozzle  exits  and 

the  special  relationship  of  the  airframe  to  the  ground  plane.  The  significant  jet  mean 
flow  geometry  and  overall  flowfield  geometry  Includes: 

o  Lift  jet  system  arrangement  including  the  number  of  jets,  jet  exit  spacings  and 
jet  exit  orientation  with  respect  to  the  aircraft  axes  (including  longitudinal 
"vector"  and  lateral  "splay"  angles), 

o  Nozzle  exit  shape  and  mean  velocity  distribution  at  the  nozzle  exit,  and 

o  Aircraft  surface  geometry,  orientation  and  height  above  ground. 

Most  of  the  above  geometric  variables  were  taken  into  account  in  the  initial 
development  of  a  ground  flow  field  prediction  computer  program  by  HCAIR  which  is  described 

in  detail  in  Reference  1.  This  work  was  based  on  the  fundamental  free  jet  flow 

development  and  impingement  characteristics  of  round  jets  which,  for  the  most  part,  were 
available  in  the  published  literature.  Specifically,  the  free  jet  entrainment  data  of 
Kleis  and  Foss  (Reference  2)  and  the  geometric  and  kinematic  properties  of  free  and 
iiq>inging  round  jets  established  by  Donaldson  and  Snedeker  (Reference  3)  were  used 
extensively.  The  data  of  Donaldson  and  Snedeker  were  also  used  to  determine  analytical 
expressions  for  wall  jet  entrainment. 

A  key  element  in  the  modelling  of  the  ground  surface  flow  field  below  a  hovering 
V/STOL  aircraft  is  the  local  distribution  of  radial  momentum  flux  about  the  individual  jet 
iiqpingement  points  on  the  ground  plane.  This  distribution  is  largely  dependent  on  the 
exit  shape  of  the  jet  nozzle  (for  low  values  of  H/D)  and  the  local  impingement  angle  of 
the  jet  on  the  ground  plane.  The  data  of  Donaldson  and  Snedeker  in  Figure  3  show  that  for 
a  round  turbulent  jet  this  distribution  is  sensitive  to  the  local  jet  impingement  angle 
and  relatively  insensitive  to  the  ratio  of  height  above  ground  to  nozzle  exit  diameter 
(H/D).  These  distributions  of  momentum  flux  together  with  the  magnitudes  of  the  total 
momentum  fluxes  emanating  from  the  nozzle  exits  establish  the  location  and  (momentum) 
strength  of  the  fountains  in  the  flow  field  below  the  aircraft. 


Fig.  3  Azimuthal  Distribution  of  Wall  Jet  Radial 
Momentum  Flux  for  an  Impinging  Round  Jet  ■ 

From  Reference  3 


Another  significant  geometric  consideration  is  the  number  and  arrangement  of  the 
propulsive  lift  jets  in  the  aircraft  lift  system.  Figure  4  shows  a  generic  idealized 
multiple  lift  jet  arrangement  spaced  symmetrically  about  a  hypothetical  center  of  gravity. 
The  octagonal  central  area  circumscribed  by  the  lines  connecting  the  eight  lift  jet 
centerlines  represents  an  idealized  inner  region.  All  area  outside  of  this  region 
extending  to  infinity  constitutes  the  idealized  outer  region.  The  interaction  lines  of 
the  wall  jets  resulting  from  the  ground  impingement  of  the  lift  jet  pairs  are  shown  as  the 
dashed  lines  in  Figure  4.  These  lines  indicate  the  ideal  locations  of  the  wall  jet  stagna¬ 
tion  lines  Which  form  in  both  the  inner  and  outer  regions.  A  stagnation  line  pattern  as 
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shown  in  Figure  4  would  result  from  the  ideal  vertical  impingement  of  round  jets  producing 
a  f(0)  «  1  distribution  of  wall  jet  radial  momentum  flux  (see  Figure  3).  Figure  5  shows 
the  maximum  available  fountain  force  as  a  function  of  the  number  of  lift  jets  in  an  ideal 
multiple  lift  jet  system.  The  lower  curve  in  Figure  5  shows  the  maximum  fountain  force  Fp 
available  from  the  inner  region  only, 

Fp( inner  region)  » 

where  F>i>  is  the  total  lift  system  thrust  and  N  is  the  number  of  jets  in  the  idealized  lift 
system. 

It  should  be  noted  that  a  two  jet  lift  system  has  no  inner  region,  by  definition, 
and,  therefore,  all  fountain  force  obtained  from  a  two  jet  fountain  is  outer  region  force. 
The  result  shown  in  equation  (1)  is  predicated  on  the  assumption  that  all  lift  jet 
momentum  flux  that  enters  a  volume  below  the  aircraft  whose  planform  is  the  inner  region 
eventually  is  turned  vertically  and  imparts  this  vertical  momentum  to  the  airframe.  The 
upper  curve  in  Figure  5  indicates  the  total  available  ideal  fountain  force  including 
contributions  from  both  the  inner  and  outer  regions.  The  lift  jet  momentum  flux  entering 
the  outer  region  volume  is  assumed  to  impinge  on  the  airframe  with  an  ideal  sidewash  angle 
of  incidence  resulting  from  the  turning  of  the  flow  in  an  upward  direction  at  the  stagna¬ 
tion  lines.  Performing  an  integration  of  the  vertical  con^nent  of  the  outer  region 
momentum  flux  and  adding  the  result  to  the  force  from  the  inner  region, 

^  111 
Fp(outer  region  +  inner  region)  “  (2  "  S 

The  potential  benefits  to  be  gained  from  additional  fountain  force  resulting  from  the 
use  of  increasing  numbers  of  jets  up  to  six  or  even  eight  is  obvious,  but  it  must  be 
realized  that  actual  fountain  forces  produced  on  the  airfreune  undersurface  are  much  less 
than  the  ideal  values  shown  in  Figure  S  by  a  factor  of  one  third  to  one  quarter  based  on 
the  ideal  inner  plus  outer  region  values.  (The  reasons  for  this  are  discussed  later  in 
this  paper.)  Limited  data  on  experimentally  measured  values  of  fountain  force  are  shown 
in  Figure  5  for  two  and  four  jet  configurations.  These  data  were  recorded  on  experimental 
configurations  for  which  jet  entrainment  Induced  suckdown  effects  were  minimal. 


Fig.  4  Idealized  8-Jet  Lift  System  Impinging 
on  a  Ground  Plane 
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N,  Number  of  Jets 
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Fig.  5  Variation  of  Maximum  Ideai  Fountain  Force 
with  Number  of  Round  Jets 


Recent  interest  in  certain  VTOL  and  STOL  propulsive  lift  systems,  such  as  thrust 
augmenting  ejector  systems  and  other  concepts  employing  non-circular  nozzles,  has  revealed 
a  need  for  the  understanding  of  the  basic  free  jet  and  jet  impingement  characteristics  of 
jets  emanating  from  rectangular  exit  area  nozzles.  Consequently,  two  experimental 
programs  (References  4  and  5)  were  undertaken  to  investigate  the  wall  jet  characteristics 
produced  by  the  impingement  on  a  ground  plane  of  jets  emanating  from  low  and  high  aspect 
ratio  rectangular  exit  area  nozzles.  The  primary  purpose  of  these  studies  was  to  experi¬ 
mentally  determine  the  azimuthal  distributions  of  wall  jet  radial  momentum  flux  about  the 
impingement  points  of  these  jets  for  rectangular  nozzles  with  exit  area  aspect  ratios 
(l/D)  of  one,  two,  three,  four,  six  and  eight  for  both  vertical  and  oblique  impingement. 

The  high  aspect  ratio  rectangular  nozzle  data  (4  ^  L/D  ^  8)  obtained  in  the  first 
investigation  (for  low  nozzle  pressure  ratios  only)  (Reference  4)  indicated  that,  unlike 
axisymmetric  jets,  the  wall  jet  radial  momentum  flux  distributions  for  vertical 
in^ingement  are  highly  directional,  even  for  the  aspect  ratio  four  (L/D  =  4)  nozzle  at 
heights  above  ground  as  great  as  sixteen  nozzle  widths.  Consequently,  the  second  study 
(Reference  5)  was  undertaken  to  extend  the  data  base  to  include  rectangular  nozzles  with 
exit  area  aspect  ratios  of  one,  two  and  three.  Wall  jet  velocity  profiles  were  obtained 
for  the  three  low  aspect  ratio  nozzles  as  a  function  of  jet  impingement  angle,  nozzle  exit 
height  above  ground  and  nozzle  pressure  ratio  which  included  choked  and  under-expanded 
nozzle  exit  flow  conditions.  The  ground  flow  field  conputer  program  originally  developed 
in  Reference  1  was  updated  to  include  the  impingement  data  obtained  for  both  high  and  low 
aspect  ratio  rectangular  nozzles. 

Figure  6  presents  a  qualitative  view  of  the  wall  jet  radial  momentum  flux 
distributions  associated  with  in^inging  jets  issuing  from  both  axisymmetric  and 
rectangular  nozzles.  The  axisymmetric  nozzle  produces  a  uniform  distribution  in  vertical 
In^ingement  f(4))  =  const.  ( a  j  =  90”).  in  oblique  impingement,  a  peak  occurs  in  the 
distribution  in  the  i(i  =  0'  direction  with  the  relative  magnitude  of  the  peak  increasing 
with  decreasing  impingement  angle.  The  rectangular  nozzles  in  vertical  impingement,  on 
the  other  hand,  produce  a  prominent  peak  of  the  momentum  flux  distribution  in  a  direction 
normal  to  the  long  sides  of  the  nozzle  exit,  as  indicated  in  Figure  6  by  the  L/D  =  4 
nozzle  at  Oj  =  90*.  The  primary  effect  of  oblique  impingement  of  the  rectangular  nozzle 
in  pitch  (rotation  about  the  nozzle  exit  minor  axis)  is  to  shift  the  peak  to  an  azimuthal 
location  approximately  coincident  with  the  magnitude  of  the  impingement  angle.  The  L/D  * 
1  (square)  nozzle  exhibits  characteristics  similar  to  that  of  the  axisymmetric  nozzle  at 
low  pressure  ratios.  At  high  pressure  ratios,  however,  the  square  nozzle  exhibits 
characteristics  common  to  both  axisymmetric  and  rectangular  nozzles  with  a  primary  peak 
occurring  at  (f  =  0*,  as  with  axisymmetric  nozzles,  and  a  secondary  peak  occurring  at  an 
azimuthal  angle  approximately  coincident  with  the  jet  impingement  angle,  as  exhibited  by 
rectangular  nozzles. 
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Fig.  6  Jet  Impingement  Radial  Momentum  Flux  Distributions 

nie  azlnuthal  distributions  of  wall  jet  radial  monientum  flux  were  determined  by  hot 
film  anesKsseter  surveys  for  each  of  the  six  single  rectangular  noesle  configurations  and 
are  presented  in  entirety  in  References  4  and  5.  This  work  is  also  summarized  in 
Reference  6.  Selected  results  are  presented  herein  for  an  aspect  ratio  two  nozzle  for 

vertical  ii^ingenent  (Figure  7)  and  for  oblique  in^ingement  in  pitch  (Figure  8)  (rotation  ! 

shout  the  nozzle  exit  minor  axis)-  The  abscissa  on  each  graph  is  the  integral  of  the  wall 
jet  velocity  squared,  multiplied  by  the  radial  distance,  R,  from  the  jet  Impingement  point 
to  the  point  of  measurement  and  la  representative  of  the  magnitude  of  the  wall  jet  radial 

siomentiaB  flux,  the  radial  distance,  R,  is  Included  in  order  to  account  for  the  Increase  . 

in  area  with  radial  distance.  This  allows  comparison  of  data  recorded  at  different  radial  ' 

stations.  In  vertical  liiq>ingement,  the  wall  jet  radial  momentum  flux  was  measured  over 
one  quarter  of  the  periphery  of  the  Inpingement  region  from  4'  "0*,  corresponding  to  a 

direction  perpendicular  to  the  nozzle  minor  axis,  to  *  90*  corresponding  to  a  direction  i 

perpendicular  to  the  nozzle  exit  major  axis.  In  oblique  impingement  the  wall  jet  radial 
amentum  flux  was  measured  over  one  half  of  the  perii^iery  of  the  impingement  region  from 
0*  (corresponding  to  the  direction  of  the  horizontal  component  of  the  free  jet  mean 
flow)  to  ♦  •  180*. 


H/D  -  2 


O  NPR-1.15 
L/D-2  A  NPR  »  1.90 

“  90®  a  NPR  -  2.50 

R/0  -  14.0 
—  —  R/D-29.0 


Fig.  7  Azimuthal  Distribution  of  Wall  Jot 
Radial  Momentum  Flux 

L/D  =  2  Nozzle  Vertical  Impingement 


In  vertical  In^lngement,  the  momentum  flux  distrlbutlone  for  the  higher  aepect  ratio 
nozxlea  (2  £  L/D  ^  8)  all  exhibited  similar  characteristics  at  low  nozzle  pressure  ratios 
with  a  peak  at  «  90*  (perpendicular  to  the  nozzle  exit  major  axis)  as  exemplified  by  the 
aspect  ratio  two  nozzle  results  shown  In  Figure  7.  However,  at  NPR  ■  2.50,  although  the 
aspect  ratio  two  (and  three)  nozzles  displayed  the  characteristic  peak  at  if  •  90*  for  H/D 
•2;  at  H/D  •  8  the  momentum  flux  distribution  peak  became  broader  and  shifted  to 
approximately  <p  •  60*;  and  at  H/D  -  16,  the  peak  shifted  to  approximately  f  ~  45*.  A 
minor  peak  Is  exhibited  at  if  •  0*  (perpendicular  to  the  nozzle  exit  minor  axis)  for  the 
higher  pressure  ratios  at  H/D  »  2,  but  vanishes  at  H/D  •  8. 


POr  oblique  inplngefflent  in  pitch,  at  low  noztle  pressure  ratios,  the  occurrence  of  a 
peak  in  the  distribution  of  momentum  flux  at  an  azimuthal  angle  approximately  coincident 
with  the  magnitude  of  the  pitch  angle  is  characteristic  of  rectangular  nozzles  (L/D  >  1) 
and  is  exhibited  by  the  L/D  -  2  nozzle  in  Figure  8.  The  data  in  Figure  8  for  the  aspect 
ratio  two  nozzle  Indicate  a  broadening  and  a  shift  of  the  location  of  the  momentum  flux 
peak  toward  ♦  «  0*  at  the  higher  H/Ds  for  a  nozzle  pressure  ratio  of  2.50.  Similar 
behavior  was  observed  for  the  aspect  ratio  three  nozzle.  These  data  indicate  the 
sensitivity  of  the  jet  impingement  flow  field  to  nozzle  exit  area  shape  and,  additionally, 
nozzle  pressure  ratio.  Data  for  oblique  in^jingement  in  roll  (rotation  about  the  nozzle 
exit  major  axis)  for  all  nozzles  may  be  found  in  References  4  emd  5. 
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Fig.  8  Azimuthal  Distribution  of  Wall  Jet 
Radial  Momentum  Flux 
L/D  =  2  Nozzle  Oblique  Impingement  •  Pitch 
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OOMPUTATION  OF  ST\GMATI(M»  LINES  AKD  FOUMTAIM  UPWASH  IMCHMATIOW 


In  Reference  1,  an  analytical  model  was  developed  for  the  conputation  of  wall  jet 
stagnation  lines  formed  between  any  pair  of  impinging  jets  for  con^letely  arbitrary 
conditions.  Required  input  for  these  canputations  is  simply  the  jet  thrust  scaled 
asimuthal  distributions  of  radial  momentum  flux  (as  given  in  Figures  3,  7  or  8  for 
exanple).  Tbe  model  developed  in  Reference  1  is  termed  the  “Momentum  Flux  Method". 

The  Momentum  Flux  Method  establishes  the  location  of  the  stagnation  line  between  two 
jet  in^ingement  points  by  balancing  the  total  momentum  flux  in  the  wall  jets  in  a 
direction  normal  to  the  stagnation  line  in  the  ground  plane.  As  a  result  of  the 
requirement  of  a  total  momentum  flux  balance  (normal  to  the  stagnation  line),  the  upward 
direction  of  the  fountain  in  a  vertical  plane  normal  to  stagnation  line  must  itself  be 
vertical,  although  a  non-vertical  sidewash  component  is  allowed. 

Green,  Reference  7,  has  modified  the  criterion  for  determination  of  the  location  of 
the  stagnation  line  by  requiring  a  balance  of  wall  jet  momentum  flux  per  unit  area  of  the 
wall  jet  at  the  stagnation  line.  The  balance  of  momentum  flux  per  unit  area  is  indeed  in 
a  direction  normal  to  the  stagnation  line  in  the  ground  plane.  Iiqposition  of  this 
criterion  results  in  an  imbalance  of  total  wall  jet  momentum  flux  at  the  stagnation  line 
in  a  direction  normal  to  the  stagnation  line  in  the  ground  plane  and,  also,  allows  a 
non-vertical  trajectory  of  the  fountain  upwash  flow  in  a  vertical  plane  normal  to  the 
stagnation  line.  This  model  for  the  determination  of  the  stagnation  line  location  is 
denoted  as  the  “Momentum  Flux  Density  Method".  The  basic  equations  for  the  “Momentum  Flux 
Method“  (MFM)  and  the  "Momentum  Flux  Density  Method"  (MFDM)  models  are  compared  in  Table  1 
(see  Figure  9  for  nomenclature  definition). 

Computation  of  wall  jet  stagnation  lines  using  the  "Momentum  Flux  Method"  and  the 
“Momentum  Flux  Density  Method"  were  recently  conqpared  with  actual  stagnation  line 
locations  obtained  experimentally  through  flow  visualization  techniques,  and  the  results 
were  presented  in  Reference  S.  Based  on  these  and  other  con^risons,  the  “Momentum  Flux 


Table  1.  Two  Methods  for  the  Computation  of 
Stagnation  Line  Location 
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Density  Method"  was  found  to  give  a  more  accurate  prediction  of  wall  jet  stagnation  line 
location.  Utilizing  the  nomenclature  of  Reference  1  as  shown  in  Figure  9,  the  equations 
for  the  slope  of  the  stagnation  line  in  the  ground  plane  for  the  MFDM  is  the  following; 
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Fig.  9  Wall  Jet  Interaction  Geometry 
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and,  at  the  line  joining  the  jet  impingement  points  in  the  ground 
plane. 
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Through  the  use  of  a  control  volume  located  on  the  stagnation  line  and  a  total  roomentun 
flux  balance  in  a  direction  normal  to  the  stagnation  line  in  the  ground  plane,  a  relation 
between  the  momentum  flux  quantities  in  the  two  interacting  wall  jets  and  the  horisontal 
component  of  momentum  flux  exiting  the  control  volume  in  the  fountain  upwash  is  obtained 
(for  negligible  sidewash): 
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where  Vf  is  the  fountain  upwash  velocity,  u  is  the  fountain  inclination  angle  and  h  is  the 
wall  jet  height.  Assuming  a  total  momentum  flux  magnitude  conservation  factor  X.  in  the 
fountain  formation  regions  M 
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Substituting  equation  (7)  in  equation  (6)  and  solving  for  Ai||  cos  u  the  following  general 
result  is  Obtained  for  any  location  on  the  stagnation  llnet 
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For  the  special  case  of  two  round  jets  in^inglng  vertically,  on  the  line  joining  the 
jet  Inplngement  points. 
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Figure  10  demonstrates  the  relation  between  (d  and  the  impinging  jet  pair  momentum 
flux  ratio  as  obtained  from  equation  (9)  with  Xjj  as  a  parameter.  The  validity  of  this 
model  of  fountain  upwash  flow  inclination  was  investigated  with  experimental  data  from  the 
test  prograun  described  in  Reference  8  and  is  summarized  briefly  in  the  paragraphs 
following. 

An  analytical  model  for  the  fountain  sidewash  inclination  was  presented  in  Reference 
1.  The  result  is 

^  “  ^t-(9  -'4)  ^•~cot  (»*  -~S)  (10) 


where  k  is  the  fountain  sidewash  inclination  angle  and  the  other  symbols  are  defined  in 
Figure  9. 

FOUMTAIN  UPWASH  FORMATION  AND  DEVELOPMEST 


It  has  been  observed  consistently  that  fountain  forces  are  substantially  smaller  than 
conservatively  estimated  values  based  on  lift  jet  thrust  and  momentum  conservation.  This 
is  demonstrated  quantitatively  by  the  experimental  data  shown  in  Figure  5.  For  this 
reason,  a  thorough  investigation  of  the  fountain  upwash  formation  and  development  process 
was  conducted  by  MCAIR  for  fountains  formed  by  two  impinging  round  jets  for  a  wide  range 
of  parametric  test  conditions.  These  results  are  reported  in  entirety  in  Reference  8.  An 
ingiortant  result  of  this  investigation  was  the  quantification  of  a  fountain  formation 
upwash  normal  momentum  flux  recovery  coefficient, 

The  fountain  upwash  normal  momentum  flux  recovery  factor  ( X|^)  is  defined  as  the 
ratio  of  the  fountain  normal  momentum  flux  exiting  the  fountain  formation  region  to  the 
total  wall  jet  radial  mosientum  flux  entering  the  fountain  formation  region  (see  Figure  1). 
In  this  investigation,  the  flow  through  the  fountain  formation  region  was  incompressible 
(  P>  constant),  and  the  fountain  formation  region  was  assumed  to  be  small  so  that  radial 
area  change  effects  were  negligible  (dR  =  0),  thus 
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representative  of  the  fountain  normal  momentum  flux  at  Z/D  «  1.0 
is  representative  of  the  sum  of  the  local  wall  jet  radial  momentum 
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flu*  produced  by  the  Impinging  Jets  in  the  system.  A  typical  set  of  wall  jet  and  fountain 
upwash  flow  mean  velocity  surveys  for  one  test  condition  are  shown  in  Figure  11.  The 
surveys  were  obtained  with  a  hot  film  anemometer.  Since  the  local  velocity  ratios. 
'^min/Vma*<  for  t''®  fountain  velocity  profiles  were  considerably  higher  than  those 
determined  for  the  wall  jet  velocity  profiles,  the  following  procedure  was  established  to 
define  the  limits  of  integration  and  to  lend  consistency  to  the  calculation  process. 


The  upper  limits  of  integration  of  the  wall  jet  velocity  profiles  were  established 
for  each  case  by  the  normal  distance,  corresponding  to  the  larger  velocity  ratio, 

'^min/^max'  of  the  two  wall  jet  velocity  profiles.  The  wall  jet  velocity  and  velocity 


squared  profiles  for  jet  1  and  jet  2  were  then  integrated  and  summed  to  yield 

(  Jq  Ur  dN)^j  and  (  J  U(i^dN)v,j.  Now,  since  the  fountain  formation  region  is  assumed  to 
be  small,  with  little^  exposed  jet  area  available  for  mass  entrainment,  conservation  of 
mass  was  assumed  throughout  the  fountain  formation  region  to  yield 


o  Z/D=l 


0„  dN) 


wj(l+2) 


(12) 


Jet  Exit  Momentum  Flux  Relio 


Fig.  10  Fountain  inclination  Angle 


Thus,  the  initial  and  final  limits  of  integration  (Xq,  Xf)  for  the  fountain  velocity  and 
velocity  squared  profiles  were  determined  such  that  equation  (12)  was  satisfied. 

Figure  12  presents  the  fountain  norrol  momentum  flux  recovery  factor,  \  as  a  function  of 
the  jet  exit  momentum  flux  ratio,  M for  the  data  of  Reference  8.  The  data 

indicate  a  general  decrease  in  ,the  foqntain  momentum  flux  recovery  with  a  decrease  in  the 
nozzle  thrust  bias  (increased  Wjoj^/MjeHiGH^ '  addition,  a  slight  Increase  in  is 

shown  in  the  presence  of  a  nozzle  exit  plane  plate  over  that  found  without  the  plate.  A 
polynomial  curve-fit  (also  shown  in  Figure  12)  was  determined  for  the  data  and  is  given 
approximately  by  the  following  expression: 
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Fig.  11(a)  Wall  Jtt  Valocity  Profllaa 


Fig.  11(6)  Fountain  Valocity  Prolllaa 
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Fig.  11  Symmetrical  Two  Jet  Fountain 

H/D  =  5.0  S/D  =  12.80  NPR  =  1.89  aji=aj2  =  90' 

The  behavior  of  the  normal  momentum  flux  recovery  factor  with  the  jet  exit  momentum  flux 
ratio  is  not  surprising.  The  strongest  wall  jet  interaction  and  associated  loss  of  mean 
flow  energy  or  momentum  occurs  with  two  equal  strength  impinging  jets.  As  one  of  the 
Inpinging  jets  becomes  weaker  (increased  thrust  bias),  the  wall  jet  interaction  becomes 
weaker.  For  a  high  thrust  bias,  the  weaker  wall  jet  simply  tends  to  deflect  the  stronger 
jet  with  an  attendant  reduction  in  mixing  and  loss  of  mean  flow  energy. 

Fountain  geometric  spreading  characteristics  and  fountain  mass  flow  were  determined 
from  the  fountain  upwash  velocity  profile  data  for  all  of  the  cases  investigated  in 
Reference  8.  For  the  data  of  Figure  11,  the  fountain  spreading  characteristics  and  mass 
flow  are  shown  in  Figure  13. 


Fountain  upwash  trajectories  were  also  determined  for  all  of  the  cases  investigated. 
The  trajectories  were  defined  as  the  loci  of  the  maximum  velocity  points  as  determined 
from  the  fountain  upwash  velocity  profiles.  The  fountain  upwash  inclination,  u  ,  was 
determined  as  the  angle  between  the  ground  plane  and  a  straight  line  connecting  the 
fountain  base  and  the  fountain  upwash  trajectory  at  Z/D  •  3.  The  fountain  upwash 
inclination  for  the  .data  of  Reference  &.  is  plotted  as  the  function  of  the  jet  exit 
momentum  flux  ratio  je];x3W^^1%iaH^  fountain  inclination  at  Z/D  >  3  in  Figure  14. 

Also  shown  in  the  figure  are  the  theoretical  values  of  the  fountain  inclination,  utH' 
based  on  equation  (9).  Figure  14  Indicates  that  for  a  fountain  inclination  determined  at 
Z/D  •  3,  a  momentum  flux  recovery  factor,  ^  m,  of  approximately  0.65  results  in  a 
reasonable  fit  to  the  experimental  data. 


16-15 


O 

2  GP13'0611-10 


Fig.  12  Fountain  Normal  Momentum  Flux  Recovery 
Based  on  Conservation  of  Mass  Flux  Through 
the  Fountain  Formation  Region 

FOUNTAItl  IMPIHGEMENT  ON  THE  AIRFRAME 

The  establishment  of  the  above  ground  flow  field  modelling  elements,  together  with 
recent  in^rovements  made  to  three  dimensional  panel  methods  for  the  determination  of  jet 
entrainment  induced  sucXdown,  leaves  only  one  empirical  element  remaining  to  complete  the 
prediction  methodology  for  a  wide  range  of  V/STOL  aircraft  configurations.  This  remaining 
element  is  the  quantification  of  the  amount  of  momentum  flux  transferred  to  the  airframe 
undersurface  from  the  upwash  momentum  flux  in  the  fountain.  This  quantity,  X fx,  is  termed 
the  fountain  upwash  momentum  flux  transfer  coefficient.  ^fx  is  expected  to  be  strongly 
dependent  on  airframe  undersurface  shape,  but  only  weakly  dependent  on  aircraft  height 
above  ground,  H/D,  when  fountain  spreading  characteristics  are  accurately  accounted  for  in 
application  of  the  overall  prediction  methodology. 

To  demonstrate  the  usefulness  of  the  existing  methodology,  fountain  impingement 
forces  were  determined  and  compared  with  experimental  data  for  simple  bodies  and  planforms 
for  which  ^fx  was  expected  to  be  approximately  unity  and  for  which  suckdown  forces  were 
expected  to  be  insignific^mt.  Results  are  shown  in  Figure  15  and  are  very  encouraging. 
The  deviations  between  the  predictions  and  the  data  at  H/Db  of  1  and  under  are,  most 
likely,  beyond  the  ability  of  the  prediction  methodology  due  to  the  basic  changes  in  the 
flow  structure  beneath  a  body  at  these  low  H/Ds  .  That  is,  distinct  regions  of  free  jet 
flow,  jet  impingement,  wall  jets,  fountain  formation,  and  fountain  upwash  most  likely  do 
not  exist  at  these  conditions.  A  study  is  currently  underway  at  MCAIR  to  determine  ^fi 
for  two,  three  and  four  jet  VTOL  aircraft  configurations  from  analytical  computations  and 
the  net  forces  measured  on  the  vehicles  in  static  wind  tunnel  tests. 

Fountain  inpingement  forces  measured  on  a  swept  low  wing/  fuselage  combination  are 
shown  in  Figure  16.  The  data  shown  here  were  produced  by  the  Impingement  of  single  and 
multiple  radial  jets  simulating  fountain  upwash  flows  produced  by  the  vertical  impingement 
on  a  ground  plane  of  two  and  four  round  jets  all  with  equal  thrust.  The  normal  force  data 
shown  has  been  non-dlmenslonalized  on  the  total  thrust  of  the  simulated  jet  lift  system. 
In  the  two  jet  case,  the  plane  of  the  radial  jet  was  perpendicular  to  the  aircraft  longi¬ 
tudinal  axis,  and  in  the  simulated  four  jet  case,  the  radial  jet  planes  were  mutually 
orthogonal  and  aligned  parallel  to  the  aircraft  longitudinal  and  lateral  axes.  The  data 
in  Figure  16  show  the  variation  in  net  fountain  force  with  longitudinal  location  of  the 
center  of  the  fountain  as  the  fountain  impingement  region  was  moved  from  the  forward 
fuselage  to  aft  of  the  wing  trailing  edge.  As  would  be  expected,  the  maximum  fountain 
force  results  when  the  lateral  fountain  legs  impinge  on  the  widest  portion  of  the  wing.  A 
noticeable  drop  in  fountain  force  magnitude  occurs  when  the  lateral  fountain  legs  are 
moved  aft  of  the  wing  trailing  edge.  These  data  also  indicate  the  relative  magnitudes  of 
two  versus  four  jet  fountains.  The  maximum  points  on  these  curves  have  been  plotted  in 
Figure  5  for  con^arison  with  the  theoretical  maximum  fountain  force.  The  indicated 
increase  in  fountain  force  with  increasing  H/D  for  the  two  jet  fountain  is  due  to 
variation  of  fountain  induced  suckdown  which  decreases  as  the  aircraft  rises  above  the 
ground.  The  cosiparatlve  decrease  in  fountain  force  with  H/D  produced  by  the  four  jet 
fountain  is  characteristic  of  fountains  with  three  or  more  jets  which  form  a  central  core 
of  upwash  flow. 
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FJg.  13  Fountain  Upwash  Characteristics 


Additional  lift  may  be  obtained  from  fountain  upwash  Impingement  through  the  use  of 
alrfr2UBe  undersurface  protuberances  In  the  form  of  fences  or  straXes  which  tend  to  capture 
the  fountain  upwash  flow.  The  confining  surfaces  should  extend  through  360*  of  azimuth  In 
an  undersurface  plane  roughly  parallel  to  the  ground  plane  with  the  aircraft  In  the  proper 
pitch  and  zero  roll  attitude  for  vertical  translation.  Permanently  fixed  surfaces 
suitable  for  high  speed  flight  such  as  longitudinal  axes  strakes  and/or  pods  can  be 
utilized  for  this  purpose,  but  lateral  axis  devices  should  be  retractable.  The  confined 
under-surface  area  should  be  large  enough  to  ''capture”  the  central  core  of  a  roultl-jet 
fountain  Including  any  fountain  Inpact  area  translation  on  the  airfreune  undersurface  due 
to  nominal  aircraft  pitch  and  roll  excursions  during  hover.  Sensitivities  of  lift 
Inprovenent  device  related  forces  and  moments  to  larger  excursions  In  pitch  and  roll  with 
and  without  cross  winds  should  be  Investigated  to  assure  adequate  stability  and  control 
margins.  This  currently  must  be  accomplished  through  wind  tunnel  testing  of  powered 
aircraft  models  In  ground  effect.  Tests  of  this  nature  require  accurate  modelling  of  full 
scale  airframe  surface  geometry  Including  all  undersurface  contour  details  and 
protuberances.  It  Is  also  desirable  that  full  scale  jet  exit  conditions  In  terms  of 
nozzle  exit  gaosietry,  nozzle  exit  velocity  profiles  and  jet  vector  and  splay  angles  be 
simulated  carefully  In  the  reduced  scale  tests. 


lb-18 


The  beneficial  effect  of  passive  lift  improvement  devices  is  demonstrated  by  the 
induced  lift  increment  (AL)  data  shown  in  Figure  17  which  was  measured  in  ground  effect 
tests  performed  with  a  15%  scale  powered  model  of  the  AV-8A.  The  data  in  Figure  17 
indicate  the  positive  lift  increments  obtained  through  the  addition  of  gun  pod  strakes  and 
a  forward  fence  to  the  baseline  vehicle  which  included  gun  pods.  The  data  shown  were 
obtained  with  all  four  lift  jets  vectored  perpendicularly  to  the  ground  plane,  however, 
the  nozzles  were  splayed  outward  in  the  nominal  splay  position  (5*  forward  nozzles,  11.2“ 
aft  nozzles).  The  sensitivity  of  the  fountain  forces  to  changes  in  nozzle  splay  angle  (or 
vector)  is  demonstrated  by  the  data  presented  in  Figure  18  which  shows  the  additional 
positive  lift  increment  gained  by  reducing  the  outward  splay  angle  of  all  nozzles  on  the 
model  to  0*.  Similar  positive  lift  Increments  have  been  measured  on  models  of  other 
aircraft  configurations,  and  in  some  cases,  positive  lift  improvement  can  be  obtained  by 
simply  deflecting  existing  flaps  on  the  baseline  aircraft.  Caution  must  be  used  to  verify 
that  local  upwash  flowfield  changes  caused  by  lift  improvement  devices  do  not  result  in 
lift  engine  hot  exhaust  gas  ingestion. 

The  mechanism  for  the  increase  in  fountain  lift  force  due  to  the  use  of  lift 
inprovement  devices  (LIDs)  appears  to  be  a  combination  of  two  effects,  (1)  the  confining 
surfaces  form  a  concavity  which  is  pressurized  at  some  pressure  increment  less  than  or 
equal  to  the  maximum  dynamic  pressure  in  the  fountain  upwash  flow,  and  (2)  the  concavity 
or  portions  thereof  act  as  turning  vanes  and  increase  the  local  turning  of  the  impinged 
upwash  flow  beyond  what  would  normally  be  obtained  by  undersurface  impingement  without  the 
lift  improvement  devices.  In  the  latter  case,  an  ideally  designed  LID  would  double  the 
beneficial  force  increment  obtained  by  ideal  fountain  impingement  on  a  flat  airframe 
undersurface  parallel  to  the  ground.  In  the  former  case,  the  LID  acts  like  the  skirt  on  a 
typical  ground  effect  machine.  Both  mechanisms  are  theoretically  very  sensitive  to  H/D  in 
all  multi- jet  fountain  situations,  and  the  data  in  Figure  17  and  18  and  other  data  tend  to 
confirm  this. 


CLOSIMG  REMARKS 

This  paper  has  emphasized  empirical  and  analytical  descriptions  of  certain  key 
elements  of  multiple  jet  viscous  flow  fields  below  VTOL  aircraft  hovering  in  ground 
effect.  In  the  actual  flowfield  below  the  VTOL  vehicle,  these  flow  phenomena  occur 
elliptically,  and  interactions  may  occur  which  can  alter  the  induced  effects  significantly 
from  the  physical  descriptions  presented  herein.  Two  frequently  occurring  and  strongly 
influential  additional  factors  are  strong  cross-winds  and  aircraft  transient  motions  whose 
frequency  is  high  enough  to  preclude  quasi-steady  analysis  based  on  steady  state 
characteristics.  The  development  of  accurate  prediction  techniques  for  cross-wind  effects 
on  fountain  upwash  development  Is  extremely  complicated,  although  very  in^rtant  to  the 
identification  of  both  stability  and  control  and  exhaust  gas  ingestion  problems. 

Predictions  of  three  dimensional  (and  time  dependent)  viscous  flows  of  this  nature 
will  not  be  available  soon.  It  is  likely  that  strong  dependence  on  wind  tunnel  testing 
will  be  required  for  the  foreseeable  future  in  the  vehicle  design  and  development  process. 
However,  as  discussed  in  the  previous  sections,  the  configuration  analyst  can  utilize 
existing  data  and  prediction  techniques  to  guide  the  configuration  synthesis  process  and 
to  avoid  serious  problem  areas.  Reference  9  summarized  the  current  approaches  to  V/STOL 
aircraft  flowfield  prediction  in  ground  effect  and  included  projections  on  future 
prediction  technique  development. 
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Fig.  17  Fountain  Capture  with  Lift  Improvement  Devices 


In  view  of  the  frequent  necessity  for  investigation  of  V/STOL  aircraft  jet  induced 
effects  through  wind  tunnel  tests  of  small  scale  powered  models  in  ground  effect,  it  is 
productive  to  comment  on  the  basic  requirements  of  fluid  dynamic  similarity  for  the 
purpose  of  model  testing.  The  first  of  these  is  simply  exact,  detailed  scaling  of  the 
small  scale  model  from  the  full-scale  vehicle  including  all  major  protuberances,  stores, 
and  landing  gear.  Kinematic  scaling  of  external  and  internal  flows  requires  that  primary 
velocity  ratios  (free  stream  to  jet)  be  correctly  simulated,  and  this  would  be  accounted 
for  automatically  if  ideal  Reynolds  number  and  Mach  number  simulation  were  achieved.  How¬ 
ever,  in  reality,  Reynolds  number  and  Mach  number  simulation  are  rarely  achieved:  in  lieu 
of  these,  further  application  of  kinematic  scaling  is  desirable.  For  example,  just  as 
airframe  undersurface  geometry  and  nozzle  exit  geometry  should  be  scaled  directly,  the 
nozzle  exit  flow  velocity  profiles  should  be  representative  of  what  might  be  expected  from 
the  full  scale  vehicle.  This  has  a  direct  influence  on  jet  entrainment  induced  suckdown 
and  fountain  formation  and  development.  Kinematic  scaling  or  simulation  of  jet  exit 
velocity  profiles  in  this  manner  may  be  thought  of  as  a  pseudo-Reynolds  number  and 
internal  geometric  simulation.  Additionally,  inlet  suction  flows  should  be  included  in 
the  small  scale  model  simulation  in  terms  of  primary  velocity  ratio  based  on  jet  exit 
and/or  free  stream  velocity.  Nozzle  exit  Mach  number  simulation  should  be  achieved  if 
nozzle  exits  are  significantly  under-expanded  as  shown  dramatically  by  the  data  of  Figures 
7  and  8. 
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SUMMARY 

The  effects  of  model  scale  and  test  technique  on  the  jet-induced  lift  of  a  twln- 
turbofan  V/STOL  aircraft  were  evaluated  experimentally.  The  smallest  model  was  2.1%  as 
large  as  the  full-scale  model.  The  two  most  important  items  to  be  modeled  were  found  to 
be  fuselage  shape  and  the  coannular  nature  of  a  typical  turbofan  exhaust.  Lift-enhancing 
strakes  were  found  to  be  effective  in  enhancing  the  ground  cushion  and  eliminating  a  pos¬ 
sible  source  of  scale  effect. 

LIST  OF  SYMBOLS 

D  Inside  diameter  of  fan  nozzle 

h  Height  above  ground  measured  to  bottom  of  fuselage  at  center  of  vertical  thrust 
AL  Jet-induced  lift 

NPR  Nozzle  Pressure  Ratio,  Nozzle  Total  Pressure/Ambient  Pressure 

P  Pressure 

T  Gross  thrust  (total  per  aircraft)  or  Temperature 

SUBSCRIPTS 

a  Ambient 

C  Core 

F  Fan 

J  Jet 

T  Total 


INTRODUCTION 

The  Importance  of  jet-induced  effects  to  the  design  and  operation  of  V/STOL  aircraft 
is  well  established  and  needs  no  amplification  in  this  paper.  The  program  manager  seeks 
two  things  from  jet-effects  testing: 

•  The  results  must  predict  full-scale  characteristics  well  enough  to  protect 
against  building  another  unsuccessful  V/STOL 

•  The  facilities  and  hardware  must  be  simple  enough  that  the  test  program  does  not 
consume  all  of  the  time  and  funds  available  for  development. 

The  contradictory  nature  of  these  requirements  prompted  the  investigation  discussed 
in  this  paper.  In  the  early  phases  of  a  program,  testing  is  confined  to  small,  simple 
models  brcause  results  can  be  obtained  quickly,  many  configurations  may  be  tested,  fixes 
can  be  evaluated  easily,  and  the  program  budget  is  too  small  to  do  anything  better.  As 
the  program  progresses,  larger  and  more  elaborate  models  are  built;  in  a  few  cases,  full- 
scale  models  with  real  engines  are  built,  but  by  the  time  the  program  reaches  this  phase 
the  configuration  is  usually  frozen.  Ironically,  the  most  faithful  test  is  undoubtedly 
one  performed  using  the  aircraft  Itself;  however,  in  the  case  of  CTOL  aircraft,  this  is 
most  often  done  with  unsuccessful  designs. 

Grumman  is  fortunate  to  have  had  the  opportunity  to  test  a  full-scale  model  of  its 
proposed  V/STOL  demonstrator  (Fig.  1).  The  existence  of  test  data  from  smaller  models  of 
the  same  configuration  permitted  us  to  evaluate  the  reliability  of  small-scale  data.  The 
nozzle  diameter  ranged  from  2.5  cm  for  the  smallest  model  to  118.9  cm  for  the  full-scale 
model. 

DISCUSSION 

The  concept  which  evolved  into  Grumman  Design  698  was  first  tested  in  1976  at  the 
Grumman  Research  Lab.  The  model  was  hand  carved  from  wood  and  used  2.5-cm  diameter,  low 
(1.016)  pressure  ratio  circular  nozzles  exhausting  normal  to  the  ground.  Induced  lift 
measured  on  this  model  is  presented  as  a  function  height  in  Figure  2.  Results  are  shown 
for  the  model  both  with  and  without  lift-enhancing  longitudinal  ztrakes  extending  verti¬ 
cally  below  the  fuselage  chines.  The  two  significant  Items  to  be  noted  are  the  ground 
cushion  at  Intermediate  height  for  the  basic  airframe  and  the  ability  of  the  strakes  to 
strengthen  this  cushion  and  extend  it  to  lower  heights. 
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The  next  tests  were  conducted  by  the  project  at  the  Grumman  Farmlngdale  Test  Center 
in  1977.  The  model  for  these  tests  was  machined  from  metal  in  accordance  with  the 
preliminary  design  drawings  of  the  full-scale  aircraft  and  was  twice  as  large  (5.1-cm  noz¬ 
zle  diameter)  as  the  model  tested  in  the  Research  Lab.  The  nozzle  pressure  ratio  was 
higher  (1.13)  and  the  jets  were  splayed  out  7“  in  the  y-z  plane.  The  results  of  these 
tests  are  summarized  in  Figure  3. 

By  comparing  Figures  2  and  3,  one  can  see  that  the  larger  model  confirmed  the  ef¬ 
fect  ivene-^s  of  the  strake  in  enhancing  the  ground  cushion.  If  both  tests  have  been  con¬ 
ducted  only  with  strakes,  this  paper  would  probably  never  have  been  written.  However,  the 
large  differences  in  the  strakes-off  data  from  the  two  tests  were  the  cause  of  great  con¬ 
cern,  as  the  ground  cushion  which  existed  with  the  smaller  model  was  not  present  with  the 
larger  model. 

By  the  time  these  results  were  available,  the  baseline  aircraft  configuration 
included  strakes.  Because  of  this,  it  was  tempting  to  accept  the  results  of  the  larger 
model  as  confirming  the  effectiveness  of  the  strakes  and  proceed  with  the  design.  How¬ 
ever,  the  qualitative  difference  between  the  two  sets  of  strake-off  data  suggested  that 
there  might  be  fundamental  differences  in  the  flows  around  the  two  models.  If  this  were 
true,  it  was  important  to  understand  these  differences  and  determine  whether  further 
increases  in  size  or  nozzle  pressure  ratio  (up  to  full  scale)  could  cause  a  qualitative 
change  in  the  strake-on  induced  lift  characteristics. 

The  first  step  was  to  measure  the  induced  lift  with  only  one  Jet  operating  to  verify 
that  it  followed  the  trends  established  by  other  investigations  (e.g.,  NASA  TND-5617  and 
TND-3166).  As  can  be  seen  in  Figure  4,  the  larger  and  smaller  models  exhibit  the  expected 
characteristics. 

Once  the  similarity  of  the  single-jet  flows  had  been  established,  the  investigation 
turned  to  the  formation  of  the  upwash  flow  between  the  nozzles  and  its  interaction  with 
the  aircraft.  The  first  variables  to  be  investigated  were  nozzle  pressure  ratio,  jet 
splay  angle,  and  model  size. 

Figure  5  summarizes  the  results  of  varying  nozzle  pressure  ratio  for  the  larger  and 
small3r  models.  There  is  a  noticeable  variation  in  the  level  of  induced  lift  for  both 
models  at  very  low  nozzle  pressure  ratios,  which  suggests  that  the  choice  of  nozzle  pres¬ 
sure  ratio  for  the  smaller  model  was  ill-advised.  In  no  case,  however,  does  the  character 
of  the  data  change;  that  is,  the  sign  of  AL/T  does  not  change  with  pressure  ratio.  This 
indicated  to  us  that  the  qualitative  change  in  AL/T  between  the  two  models  could  not  be 
accounted  for  by  differences  in  pressure  ratio.  Both  this  conclusion  and  the  asymptotic 
character  of  the  curves  of  Figure  5  with  Increasing  pressure  ratio  strongly  suggest  that 
any  differences  in  nozzle  pressure  ratio  between  small-scale  models  and  full-scale  air¬ 
craft  will  not  significantly  affect  the  jet-induced  characteristics  (at  least  for  subsonic 
jets) . 

Figure  6  shows  the  results  of  varying  jet  splay  angle.  Nozzle  splay  does  change  the 
level  of  Induced  lift,  but  does  not  eliminate  the  ground  cushion.* 

To  check  scale  effect,  a  mold  was  made  from  the  larger  model.  The  mold  was  used  to 
make  a  plastic  casting,  which  was  tested  in  the  Research  Lab  with  5.1-cra  diameter  nozzles. 
Figure  7  shows  that  the  results  for  the  larger  model  were  essentially  the  same  at  both 
facilities,  which  suggested  that  there  was  a  significant  scale  effect  without  strakes. 

If  this  was  the  case,  did  it  imply  that  there  was  also  a  scale  effect  with  strakes  at 
some  larger  model  size?  Or  was  some  other  factor  responsible?  A  close  examination  of  the 
model  revealed  one  other  possibility.  The  smaller  model  was  carved  from  a  rectangular 
block  of  wood  and  the  chines  were  rounded  with  a  file.  The  larger  model,  however,  had 
5.5-mm  radius  chines.  Figure  8  shows  the  effect  of  using  clay  to  simulate  the  square 
chines  of  the  smaller  model.  There  is  excellent  qualitative  agreement  between  the  two 
sets  of  data,  and  no  apparent  scale  effect,  although  some  effect  of  nozzle  pressure  ratio 
is  evident.  The  flow  patterns  thought  to  be  responsible  lor  this  effect  are  illustrated 
in  Figure  9. 

A  larger  model  (Fig.  10)  of  Design  698  was  built  and  tested  by  British  Aerospace. 

The  wing  and  fuselage  geometries  of  this  model  were  identical  to  the  larger  of  the  two 
models  previously  discussed.  This  was  the  first  model  in  which  inlet  flow  and  separate 
core  and  fan  flows  were  simulated;  the  smaller  models  had  used  uniform  circular  jets.  The 
fan  nozzles  were  27.9-cm  in  diameter  and  the  maximum  fan  pressure  ratio  simulated  was 
1.25.  Ejectors  were  used  for  both  the  fan  and  core  simulators. 

Figure  11  shows  the  results  of  the  tests  at  British  Aerospace.  As  can  be  seen  by 
comparing  Figures  3  and  11,  the  results  obtained  at  BAe  agree  with  those  obtained  with 
5.1-cm  uniform  jets  at  Grumman.  This  Indicates  that  there  is  no  effect  of  model  size  and 
no  effect  of  simulating  the  engine  core.  This  latter  result  is  not  confirmed  by  later 
testing  of  a  slightly  different  configuration  at  Grumman. 

♦Other  work  indicates  that  excessive  toe  ^  can  eliminate  the  ground  cushion,  but  that  is 
beyond  the  scope  of  this  investigation. 
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Since  the  testing  discussed  above  was  completed,  the  aircraft  configuration  has 
evolved  to  incorporate  a  rounder  fuselage  with  strakes  and  a  higher  (~1.5)  fan  pressure 
ratio.  This  is  the  configuration  of  the  full-scale  model  of  Figure  1,  and  of  a  1/24  scale 
model  (5.0-cm  nozzle  diameter)  tested  at  Grumman.  Both  of  these  models  were  built  and 
tested  with  support  from  agencies  of  the  United  States  government.  The  small-scale  model 
was  built  as  an  exact  replica  of  the  full-scale  model.  The  test  apparatus  provide  the 
capability  to  vary  Jet  temperature  and  pressure  and  to  simulate  both  uniform  and  coannular 
Jets.  For  the  coannular  Jets,  fan  and  core  temperature  and  pressure  could  be  varied 
independently. 

While  the  primary  purpose  of  building  and  testing  the  small-scale  model  was  to  ac¬ 
quire  data  for  use  in  developing  a  computerized  prediction  methodology  for  Jet  flow  near 
the  ground,  it  provided  an  excellent  opportunity  to  evaluate  scale  effect  and  determine 
which  variables  had  the  greatest  effect  on  small-to-full-scale  correlation.  The 
variables  considered  were  nozzle  pressure  ratio.  Jet  temperature,  and  type  of  flow  (uni¬ 
form  or  coannular). 

Figure  12  shows  the  effect  of  varying  Jet  total  pressure  for  uniform,  room- 
temperature  Jets.  With  strakes  extending  15°  below  the  horizontal,  there  is  only  a  small 
effect  of  Jet  total  pressure  and  no  clear  trend  of  induced  force  with  nozzle  pressure 
ratio. 


Figure  13  illustrates  the  effect  of  temperature  for  the  same  configuration.  These 
tests  were  performed  at  the  highest  nozzle  pressure  ratio,  shown  in  Figure  12,  so  that 
forces  and  balance  sensitivity  would  be  high.  Jet  temperature  has  only  a  small  effect  on 
Induced  forces  and  there  is  no  apparent  trend  with  temperature  near  the  ground. 

Figure  14  shows  the  effect  of  core  temperature  for  the  same  aircraft  configuration, 
but  with  proper  simulation  of  the  core  and  fan  flows.  As  in  the  case  of  a  uniform  Jet, 
temperature  has  little  effect  on  induced  lift.  More  importantly,  a  comparison  of  Figure 
14  with  Figures  12  and  13  shows  a  significantly  lower  level  of  ground  cushion  with  a  coan¬ 
nular  Jet  than  with  a  uniform  jet. 

Figure  15,  which  is  for  a  slightly  different  configuration  (strakes  extending  45°  be¬ 
low  the  horizontal),  shows  that  while  it  is  important  to  simulate  coannular  flow,  it  is 
less  important  to  have  an  exact  simulation  of  each  of  the  two  flows.  The  test  condition, 
(^Fan  "  *^a)/(PCore  "  ^a)  ”  1.76,  which  is  closest  to  the  full  scale  conditions 
does  not  have  a  significantly  different  level  of  AL/T  than  any  other  combination  of  fan 
and  core  pressures,  including  the  case  where  core  pressure  is  higher  than  fan  pressure. 

Figure  16  compares  the  results  of  testing  the  small-scale  model  (with  coannular  flow) 
and  the  data  from  the  full-scale  model.  Three  things  are  apparent  from  this  figure: 

•  Deflecting  the  strakes  farther  below  the  horizontal  increases  the  peak  level  of 
the  ground  cushion  and  reduces  the  height  at  which  it  occurs 

•  There  is  excellent  correlation  between  the  small-scale  and  full-scale  test  results 

•  There  is  considerable  scatter  in  the  full-scale  data. 

The  first  result  is  not  unexpected,  and  is  consistent  with  scale  model  testing  of  a 
configuration  with  a  square  fuselage.  See,  for  example.  Figure  2,  where  vertical  strakes 
enhanced  the  ground  cushion  which  existed  for  the  basic  aircraft.  Strakes  at  45°  and  15° 
can  be  considered  intermediate  cases  between  the  two  extremes  of  Figure  7. 

The  second  result  is  the  most  important  one,  and  has  significant  implications  for  fu¬ 
ture  V/STOL  testing.  It  is,  in  fact,  the  major  conclusion  of  this  investigation. 

The  third  result  is  due  to  the  data  acquisition  system  used  for  the  full-scale  model. 
Induced  lift  is  a  small  number  calculated  from  three  large  numbers;  namely,  power-on  bal¬ 
ance  reading,  power-off  balance  reading,  and  thrust  (calculated  from  exit  rakes).  Since 
the  accuracy  of  these  various  items  is  of  the  same  order  of  magnitude  as  the  induced  lift, 
a  significant  amount  of  scatter  was  inevitable.  Induced  lift  on  the  small-scale  models 
was  measured  by  separate  airframe  balances,  which  is  an  inherently  more  precise  test 
technique. 

CONCLUSIONS 

For  aircraft  of  the  class  considered,  scale  effects  are  small.  Details  of  the  air¬ 
frame  must  be  simulated  accurately;  coannular  Jets  must  also  be  simulated.  As  long  as 
these  items  are  modelled  properly,  differences  in  Jet  temperature  and  nozzle  pressure 
ratio  will  not  cause  significant  differences  in  Jet-induced  lift  between  the  model  and  the 
full-scale  aircraft. 

It  is  suggested  that  all  V/STOL  aircraft  should  have  lift-enhancing  strakes  for  the 
following  reasons: 

•  They  work 


•  By  assuring  flow  separation  at  the  chines  of  the  fuselage,  and  fixing  the  location 
of  this  separation,  they  eliminate  a  possible  source  of  scale  effect. 
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Fig.  13.  Effact  of  Nozilo  Exit  Tomparaturo  on  Inducad  Lift 


fan  NPR.  AVG  '  l-l*® 


1/24  SCALE 


Fia.«.  Effect  of  Vari«»on» 


17-11 


^  (Pt  -  P,t  avG  *'***”'  AVG 


Fig.  16.  Eff«ct  of  Fan  Noiala  Praitura  on  Inducad  Lift 


i 


18-1 


T 
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SUMMARY 

This  report  is  a  compilation  of  significant  results  classified  as  "Jet  Effects  on  Forces 
and  Moments  of  the  VAK-191  B" . 

The  basis  of  the  report  are  the  flight  tests  carried  out  by  VFW  and  the  US-Navy. 

The  jet  induced  effects  were  investigated  during  the  Vertical/Short  Take-Off  and 
Landing  (VSTOL)  mode  in  and  out  of  ground  effect,  in  yawed  flight,  during  hover  and 
transition  right  up  to  aerodynamic  flight. 

The  flight  test  results  were  compared  with  wind  tunnel  measurements  performed 
during  the  VAK-191  B  development  phase  and  used  for  preparation  of  simulation 
and  Automatic  Flight  Control  System  development. 

Trends  and  deviations  between  aircraft  and  model  test  results  were  verified,  analysed 
and  corrected  if  necessary.  Compared  to  conventional  aerodynamics  there  was  considerably 
questioned  the  adequacy  of  wind  tunnel  data  preparation. 

The  practicability  of  wind  tunnel  data  for  the  assessment  of  VSTOL  aircraft  design 
and  determination  of  flight  characteristics  and  performances  are  discussed  and  evaluated. 
Finally,  recommendations  for  the  measurements  of  jet  induced  forces  and  moments  on  VSTOL 
aircraft  are  outlined. 
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mean  aerodynamic  chord  (m.a.c.) 
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index  for  "experimental  system" 
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jet  Induced  lift  loss 

rolling  moment 

flight  Mach  number 

jet  Induced  pitching  moment 

normal  force 

yawing  moment 

nozzle  pressure  ratio 

jet  streamwlse  local  dynamic  pressure  ratio 
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thrust 

normal  thrust 
jet  exit  temperature 
aircraft  forward  speed 
jet  exit  velocity 
weight 

jet  streamwlse  station 

angle  of  attack 
angle  of  yaw 
flap  angle 
elevator  angle 
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1 .  INTRODUCTION 

VPW-FOKKER  and  the  US  Navy  have  participated  in  a  joint  flight  test  program  for  the 
VAK-191  B  (Fig.  1)  between  June  1974  and  October  1975.  A  significant  portion  of  the  flight 
tests  was  devoted  to  determining  the  propulsion  induced  forces  and  moments  on  the  aircraft. 
The  experimental  program  included  vertical  and  short  take-offs  and  landings  and  hover 
flights  in  and  out  of  ground  effect  (IGE  and  0GB)  as  well  as  transitions  to  full  wlngborne 
flight. 
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The  program  objectives  to  be  fulfilled  by  these  flight  tests  were  as  follows: 

•  Measurement  of  the  propulsion-induced  forces  and  moments  on  the  VAK-191  B  aircraft 
during  various  flight  conditions. 

•  Comparison  of  flight  test  results  with  existing  model  and  prediction  data. 

•  Evaluation  of  the  effectivness  and  applicability  of  utilizing  scale  model  tests  to 
predict  aircraft  flight  characteristics. 

•  Recommendations  for  future  V/STOL  induced  forces  and  moments  testing  and  data 
reduction  techniques. 


2.  OVERVIEW  ON  THE  PROPULSION-INDUCED  FORCES  AND  MOMENTS 


Besides  some  intake  influences  the  changes  in  forces  and  moments  are  basically  due 
to  suction  forces  caused,  IGE  and  OGE,  by  flow  entrained  into  the  jets  and  by  the 
fountain  phenomena  of  vertically  blowing  groups  of  nozzles  near  the  ground.  Therefore 
the  jet  Induced  effects  mainly  depend  on  the  position  of  the  engines  relati\e  to  the 
aircraft  surfaces  and  to  strength  and  direction  of  the  propulsion  efflux. 

Regarding  the  lift  loss  it  can  generally  be  said  that  a  nozzle  position  near  the  wing 
leading  edge  causes  more  suck-down  than  a  position  near  the  wing  trailing  edge. 

Much  more  difficult  to  evaluate  are  the  jet  induced  moments.  The  change  in  pitching 
moment  is  primarily  initiated  by  jet  induced  downwash  at  the  elevator  and  depends  mainly 
on  the  nozzle  swivel  angle.  Increasing  the  latter  leads  to  an  increase  in  pitchup  moment 
although  the  jet  axis  drifts  away  from  the  elevator.  Besides  this  it  was  observed  that 
on  the  VAK-191  B  the  cruise  engine  contributes  more  to  the  jet  induced  downwash  than  the 
lift  engines,  probably  because  its  efflux  influences  a  broader  region  of  the  wing  span. 

Regarding  the  side  slip  the  jet  induced  downwash  is  Increased  substantially  leeward 
the  nozzles  resulting  in  higher  suck  down  forces  on  the  leeside  wing  half  and  inducing  a 
rolling  moment  out  of  the  wind  direction.  The  forward  lift  engine  and  the  two  forward 
cold  nozzles  of  the  cruise  engine  are  particularly  responsable  for  this  phenomena  on  the 
VAK-191  B. 

In  contrary  the  rear  lift  engine  and  the  two  hot  rear  nozzles  of  the  cruise  engine 
have  a  considerable  Influence  on  sidewash  induction  on  the  fin,  thereby  affecting  the 
yawing  moment.  Strong  suction  occurs  in  the  jet  wake  and  reinforces  the  natural  crosswind 
on  the  fin,  thus  increasing  the  directional  stability. 

Another  influence  on  aircrafts  lateral  moments  arises  from  the  engine  intakes.  Due 
to  the  symmetrical  positioning  c£  the  lift  engines  relati\E  to  the  center  of  gravity,  the 
lift  engine  intakes  only  contribute  to  the  rolling  moments.  The  cruise  engine  intake, 
however,  destabilizes  the  yawing  moment.  This  leads  in  total  to  a  destabilizing 
increment  from  engine  effect  in  a  region  up  to  15kts  where  the  intake  influence  is  stronger 
than  the  jet  Induced  moment  on  the  fin. 


3 .  FLIGHT  TESTS 


The  flight  test  program  comprised  the  whole  pattern  of  vertical  and  short  take-off 
(VTO,  STO) ,  vertical  and  short  landing  (VL,  SLJ  and  hover  flight,  each  in  and  out  of 
ground  effect,  and  the  transition  up  to  aerodynamic  flight.  The  flight  data  was  transmitted 
via  telemetry  to  a  ground  station  with  provision  for  continuous  real  time  taping  of  the 
selected  aerodynamic  parameters. 

During  the  long  test  period  the  flight  test  program  -originally  resulting  from 
simulation  based  on  W/T  results-  was  steadily  Improved  by  pilots'experlences  and  introduction 
of  new  flight  test  techniques  for  different  test  areas. 

Figures  (2)  and  (3)  summarize  the  procedures  the  pilots  used  for  aircraft  stabilization 
or  steady  movement  to  produce  data  on  jet  Induced  forces  and  moments. 

In  fig.  (2),  left  hand  side,  test  objectives  are  defined:  take-off,  short  take-off 
and  hovering  out  of  ground  effect  (OGE) ,  landing  and  short  landing  and  hovering  in  ground 
effect  (IGE).  For  excunple  during  take-off,  time  t—  at  the  aircraft  is  at  preconditions 
with  engines  idle,  nozzle  angle  45  deg,  attitude  preselected.  At  time  t  pilots  input  is: 
engine  full  power,  main  engine  nozzle  angle  swivelled  between  80  and  100  deg.  At  time 
t  +  at  aircraft  reacts  first  by  increasing  height  in  ground  effects  and  then  gaining 
altitude  out  of  ground  effect.  The  STO  and  hovering  OGE  begins  with  Increasing  height  IGE. 
Pilots  input  is  to  reduce  thrust  and  to  adjust  nozzle  angle  and  attitude  as  required.  The 
aircraft  then  follows  on  with  OGE  stabilization. 

Landing  is  performed  vice  versa,  whereby  short  landing  leads  to  hovering  IGE  as  can 
be  seen  in  the  last  line  of  figure  (2) . 

The  next  fig.  (3)  outlines  two  special  techniques  to  measure  OGE  and  IGE  jet  Induced 
effects  wl£h  throttle  pulse  and  step  down  method,  respectively.  Throttle  pulse  input  used 
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at  low  forward  speeds  to  produce  data  out  of  ground  effect,  step  down  technique  aimed  at 
aircraft  stabilization  at  constant  height  in  ground  effect  with  throttle  manipulation  for 
constant  height  steps. 

To  obtain  the  effect  of  (V^^/Vj)  during  transition  flight  it  was  aimed  to  keep  nozzle 
angle  and  thrust  constant  and  increase  aircraft  speed  by  changing  pitch  attitude  only. 
However,  the  usefullness  of  this  method  was  limited  by  the  descent  rate  which  quickly 
built  up  to  extreme  values.  Therefore  it  was  necessary  to  vary  the  cruise  engine  thrust 
as  an  addition  parameter  with  corresponding  uncomfortable  data  reduction. 

Wingborne  flight,  outlined  in  the  last  line, was  performed  by  stabilizing  the  aircraft 
in  different  configurations,  for  instance,  flap  setting,  angle  of  attack  or  velocity. 


4 .  MODEL  TESTS 


The  windtunnel  tests  for  the  VAK-191  B  started  in  1963  and  the  final  tests  were 
performed  in  August  1970  at  the  beginning  of  the  flight  test  program.  About ‘3000  hours 
were  spend  to  investigate  jet  induced  effects  in  and  out  of  ground  effect.  The  relevant 
wind  tunnel  tests  with  engine  jet  simulation  were  carried  out  in  the  DFVLR  low  speed  tunnel 
Porz  Wahn  near  Cologne. 

4.1  Model  Description 

The  design  prinziple  of  the  model  is  shown  in  fig.  (4) .  A  three  tube  support  sting  was 
mounted  in  the  wind  tunnel  test  section  by  a  wire  suspension.  Compressed  air  was  fed 
through  this  sting  to  the  engine  nozzles,  which  were  mounted  at  the  front  end  of  the  sting. 
The  upper  tube  led  the  air  to  the  rotary  cruise  engine  nozzles,  whilst  the  two  lower  tubes 
fed  the  lift  engine  ones. 

The  complete  hull  of  the  model  encased  the  sting-nozzle  arrangement  without  touching 
it.  The  hull  was  connected  to  the  sting  via  a  six  component  strain  gauge  balance.  The 
gaps  between  hull  and  nozzles  were  sealed  by  a  thin  rubber  foil. 

In  this  arrangement  the  strain  gauge  balance  measures  the  aerodynamic  forces  acting 
on  the  hull,  while  the  sting  directly  carries  the  thrust  load  of  the  jets.  So  it  is 
possible  to  study  the  influence  of  the  jets  on  the  external  flow  around  the  model  without 
interaction  of  the  jet  momentum  force. 

Due  to  the  wind  tunnel  equipment  and  the  simple  model  design  the  use  of  real  jet 
temperatures  was  not  possible.  In  fact  all  tests  were  performed  simply  with  cold  ccirpressed 
air. 


Suggestions  for  the  best  scaling  of  nozzle  exit  velocities  necessary  for  nozzle 
pressure  ratios  are  outlined  in  chapters. 


4.2  Range  of  Model  Tests 

Jet  effects  were  determined  using  models  with  and  without  ground  simulations,  with  a 
continuously  adjustable  plate  beneath  the  model  in  flight  attitude. 

Following  procedures  were  simulated: 

•  Conventional  take-off  and  landing  with  lift  engines  off,  cruise  engines  nozzles 
swivelled  back  (  ff  =  5°),  for  speed  up  to  120kts  and  angle  of  attack  0  to  12  deg. 

•  Short  take-off  and  landing  with  lift  engines  running,  at  speeds  up  to  170kts  and 
swivel  angles  5  to  90  deg. 

•  Transition,  with  speed  and  angle  of  attack  up  to  240kts  and  -6  to  30°,  respectively. 
The  swivel  angle  varied  between  5  and  90  deg. 

Furthermore  the  following  variations  were  tested: 

•  Cruise  engine  running,  lift  engines  off 

•  Cruise  engine  off,  lift  engines  running 

•  Cruise  and  lift  engine  running 


4.3  Typical  Model  Data 

The  next  fig.  (5)  shows  results  from  suck  down  wind  tunnel  tests  out  of  ground  effect. 
Jet  Induced  lift  loss  referred  to  the  normal  thrust  component  (AL/Tz)e  is  plotted 
against  velocity  ratio  {Voo  /Vj^)e  for  two  angles  of  attack  a  with  nozzles  swivel  angle 
as  parameter,  flap  angle  and  elevator  angle  -Se  equal  zero. 

Similar  diagrams  are  plotted  for  pitching  moments  fig.  (6) 

For  purpose  of  quick  and  effective  model  data  application  also  crossplots  were  made, 
such  as  lift  loss  against  angle  off  attack  with  velocity  ratio  as  parameter  etc.  All 
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aerodynamic  data  for  jet  induced  effects  were  stored  in  punch  cards  which  can  be  inter¬ 
polated  and  calculated  for  arbitrary  configurations. 


5.  MODEL  TO  FLIGHT  COMPARISON 


The  jet  induced  components  are  defined  as  the  difference  between  the  forces  and 
moments  on  an  aircraft  configuration  with  engine  on  and  off,  respectively. 

The  establishing  of  the  jet  effects  therefore  requires  further  testing  with  an 
engine-off  configuration  for  which  corresponding  wind  tunnel  data  were  used. 


These  data,  depending  on  angle  of  attack,  flap  and 
the  forces  and  moments  of  the  (light  configuration  and 
thrust  forces  and  moments  to  the  jet  induced  effects. 


trim  angle,  were  subtracted  from 
thus  led  under  consideration  of 


The  results  were  then 
based  jet  Induced  effects 


plotted  in  a  computer  output 
of  tee  same  configuration. 


together  with  the  wind  tunnel 


6.  ANALYSIS 

This  chapter  contains  flight  test  evaluation  results  compared  and  analysed  with 
wind  tunnel  data. 

Evaluated  flight  tests  are  outlined  in  fig.  (7) .  The  number  of  flights  and  range  of 
used  parameters  are  plotted  for  different  flight  modes.  A  total  of  80  flights  were  analysed 
including  31  take-offs  and  landings,  5  step  down,  5  hovering,  4  transition  and  5  wingbome 
flights. 

The  next  diagrams  display  the  results.  Though  the  number  of  plots  is  limited  because 
of  the  brief  character  of  this  report,  they  are  as  well  representative  as  they  cover  the 
whole  field  of  flight  tests  and  include  results  of  satisfying  to  good  agreement  between 
wind  tunnel  and  flight  test  data.. 

6.1  Test  Data  in  Ground  Effect 

The  diagram  in  fig.  (8)  presents  a  landing  in  ground  effect.  Lift  to  normal  thrust  component 

is  plotted  against  h/b,  h  being  the  height  of  aircraft  center  of  gravity  over  ground  and 

b  the  wing  span. 

The  diagram  shows  a  vertical  landing,  zero  forward  speed  with  nozzle  swivelled  to 
ff  =  100  deg.  To  avoid  angles  of  attack  and  sideslip  of  i  180  deg  the  forces  are  referred 
to  the  earth  coordinate  system.  Undercarriage  touch  is  at  h/b  =  .35. 

The  curves  show  for  model  and  flight  test  the  same  trend  in  ground  effect  but  the 

absolute  value  is  nearly  2%  different.  Typical  for  vertical  landing  is  the  increasing 
suck  down  with  decreasing  height  which  is,  however  strongly  reduced  directly  over  ground 
by  so  called  fountain  effects. 

Fig.  (9)  shows  the  lift  loss  for  a  short  landing  in  ground  effect.  The  data  is  taken 
from  two  flights  at  aircraft  speed  of  39kts  and  57kts,  respectively.  The  lift  loss  level 
at  the  lower  speed  lies  between  6%  and  10%  of  normal  thrust.  Increasing  the  aircraft 
velocity  to  57  kts  leads  to  an  increasing  lift  loss  of  about  14%. 

Once  more  the  dependence  from  height  over  ground  compare  well  for  flight  and  model 
test,  but  showing  a  constant  difference  of  nearly  4%. 

The  next  fig.  (10)  presents  the  jet-induced  change  of  pitching  moment  for  the  same 
two  flights,  39kts  and  57kts  in  the  upper  and  lower  diagram,  respectively.  A  phase  shift 
of  0.2  to  0.4  h/b  is  noticeable  in  the  upper  graph,  possibly  caused  by  dynamic  effects 
on  the  aircraft.  The  lower  diagram  shows  a  jet  influence  of  about  2%  thrust  times  m.a.c. 
without  a  clear  trend  correlation  in  the  plots.  These  2%  thrust  times  m.a.c.  is  equivalent 
to  0.4  mkp  in  model  tests  or  5%  of  a  lift  engine  moment.  This  will  be  detailed  In  chapter  7. 

A  comparable  set  of  flight  test  data  was  evaluated  for  take-off  in  ground  effec'. . 

Diagram  (11)  shows  the  suck-down  for  a  vertical  take-off.  The  picture  is  similar  to 
the  vertical  landing  one  but  shows  in  contrary  to  this  a  phase  shift  off  about  3%  height 
to  wing  span.  Taking  this  into  account  the  lift  loss  difference  between  flight  and  model 
test  is  in  the  order  of  1%. 

The  next  diagram  (12),  presenting  a  short  take  off,  outlines  once  more  a  rather  good 
j'jreement  in  height  dependence  between  flight  and  model  test.  The  absolute  values,  however, 
Jiffer  in  the  same  order  of  magnitude  (4%)  as  observed  in  the  short  landing  case. 

The  corresponding  changes  in  pitching  moment  are  shown  in  the  next  fig.  (13).  Even 
.....  .he  similarity  to  the  short  landing  case  is  obvious.  Differences  in  trend  and  absolute 
1  »re  nearly  the  same. 


Generally  can  be  said  that  there  is  no  remarkable  difference  in  test  data  quality 
between  take-off  and  landing  flight  technique. 


After  having  presented  typical  forces  and  moments  comparisons  and  discussed  trends  and 
discrepancies,  the  Influence  of  main  parameters  on  jet- Induced  effects  will  now  be  outlined. 


Velocity  Effects 

Aircraft  velocity  influence  on  lift  loss  is  illustrated  in  fig.  (14)  for  a  take-off 
example . 

•  aircraft  speed  between  0  kts  and  70  kts  causes  increasing  lift  loss  in  flight  test 
results 

—  hovering  produces  2%  -  4%  referred  to  normal  thrust,  whereas  forward  speed  gives  6% 
to  12% 

—  lift  loss  difference  between  flight  and  model  tests  for  VTOL  and  STOL  up  to  70  kts  is 
2%  and  4%  -  6%,  respectively. 

Regarding  pitching  moments  an  increase  in  nose  up  pitching  moment  of  the  order  of  4% 
normal  thrust  times  m.a.c.  was  observed  between  hover  and  70  kts  in  ground  effect. 


Effect  of  Nozzle  Angle 

Nozzle  angle  was  varied  between  85  and  100  deg  during  in  ground  effect  flight  tests, 
but  no  effect  on  lift  or  pitching  moment  was  observed. 


Effect  of  Aircraft  Height  above  Ground 

In  vertical  take-off  and  vertical  landing  mode  an  immediate  increase  of  lift  loss  was 
observed  during  ground  clearance  up  to  heights  of  about  .8  and  .6  wing  span,  respectively, 
there  after  decreasing  continuously  to  3%  normal  thrust  loss. 

In  short  take-off  and  short  landing  mode  with  forward  speeds  above  30  kts,  height 
influence  on  suck  down  forces  and  moments  is  less  pronounced  and  rather  erratic. 


6.2  Test  Data  out  of  Ground  Effect 

Coming  to  heights  where  ground  effect  no  longer  exists,  the  main  deciding  parameter 
becomes  the  free  stream  to  jet  velocity  ratio.  Fig.  (15)  shows  the  lift  loss  for  a  transition 
flight  with  a  =  100,5  deg.  The  jet  induced  forces  increase  strongly  with  increasing 
forward  speed  and  are  of  a  much  higher  amount  than  observed  in  the  in  ground  effect  tests. 
The  trends  of  model  and  flight  tests  compare  very  well  but  a  difference  in  the  absolute 
value  of  3%  to  4%  remains.  Fig.  (16)  presents  the  same  data  of  a  transition  flight  with 
(j  =  80  deg.  The  symbols  belong  to  the  different  flights  from  which  the  curve' s  slope  is 
produced.  The  input  point  for  zero  forward  speed  was  taken  as  a  mean  value  from  several 
hovering  tests.  Again  the  model  tests  are  similar  in  trend  but  lower  in  level. 

Corresponding  jet-induced  pitching  moments  are  to  be  seen  in  fig.  (17).  Here  the 
difference  lies  between  6%  to  8%  normal  thrust  times  m.a.c. 

The  jet-induced  pitching  moments  for  the  ff  =  100,5  deg  flight  is  plotted  in  fig.  (18). 

In  comparison  to  the  previous  diagram  the  curve's  slope  at  velocity  ratios  above  .15  is 
much  smaller  here  what  leads  to  smaller  absolute  values  at  higher  forward  speeds.  At  .25 
we  find,  for  instance,  a  change  in  pitching  moment  of  12%  compared  with  24%  in  the  80°  Ccise. 


After  presenting  typical  force  and  moment  comparisons  and  discussing  trends  and  discrepan¬ 
cies,  the  influence  of  main  parameters  will  now  be  outlined. 


Velocity  effects 

The  crossplot  in  fig.  (19)  shows  the  important  influence  of  the  freestream  to  jet 
velocity  ratio  on  the  jet  induced  lift  loss.  The  data  are  derived  from  6  flights.  It  can 
bee  seen  that  tripling  the  velocity  ratio  increases  the  lift  loss  by  a  factor  of  about 

3.5. 
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Effect  of  Nozzle  Angle 

Compared  to  velocity  ratio  the  influence  of  cruise  engine  swivel  angle  is  relatively 
small.  This  result  confirms  that  lift  loss  versus  normal  thrust  component  plot  is 
reasonable.  It  is  to  be  noticed,  however,  that  the  normal  thrust  component  of  the  cruise 
engine  decreases  considerably  with  nozzle  swivel  angle  and  that  a  referring  to  total  thrust 
would  lead  to  a  much  stronger  dependence. 


7 .  CONCLUSION 

7.1  Overall  Conclusions 

Some  items  must  be  emphasized  before  discussing  the  applicability  of  data. 

0  The  high  order  of  magnitude  of  jet-induced  effects  compared  with  other  forces  and 
moments  acting  on  the  aircraft,  namely  bleed  control  forces  and  moments  and  aero¬ 
dynamic  forces  and  moments. 

•  The  problem  of  correlation  between  wind  tunnel  and  flight  test  results,  and  the 

assessment  and  prediction  of  aircraft  handling  and  flight  characteristics  as  well  as 
engine  overpower  for  compensation  of  jet  induced  lift  losses. 


7.1.1  Meeting  the  jet-induced  Forces  and  Moments 

In  the  VTOL  and  hovering  mode  where  no  primary  aerodynamic  lift  acts  on  the  aircraft 
a  lift  loss  in  order  of  5%  thrust  due  to  jet- induced  effect  occurs.  This  is  in  the  same 
order  of  magnitude  as  the  thrust  surplus  referred  to  aircraft  weight  should  be  for 
acceptable  vertical  acceleration. 

Jet  induced  pitching  moments  are  about  2%  total  thrust  times  m.a.c.,  which  is  small 
compared  to  one  lift  engine  pitching  moment  of  15  to  20  times  in  magnitude  and  to  thrust 
modulation  and  bleed  control  which  are  12  and  8  times,  respectively. 

Raising  the  aircrafts  forward  speed  increases  the  jet  induced  effects  rapidly,  as  shewn 
in  fig.  (20)  derived  from  wind  tunnel  test  results. 

To  counterbalance  the  aircraft  weight  during  transition  the  normal  force  N,  the  sum 
of  lift,  normal  thrust  component  induced  lift  loss  must  equalize  the  weight 

W.  In  the  diagram  a  typical  variation  of  these  forces  is  plotted  versus  Mach  number  for 
constant  angle  of  attac)c  and  variable  swivel  angle.  The  shaded  curve  shows  the  resulting 
lift  loss  when  the  total  normal  force  is  equal  to  the  aircraft  weight.  The  figure  shows 
that  with  increasing  aerodynamic  lift  and  thereby  reduced  normal  thrust  component  jet  lift 
loss  increases  and  after  reaching  a  maximum  decreases  to  a  small  value  at  the  end  of 
transition.  Notice  the  lift  loss  in  this  diagram  is  referred  to  the  constant  weight  and 
not  to  normal  thrust,  therefore  varying  strongly  with  swivel  angle. 

As  a  thumb  rule  the  maximum  normally  lies  between  half  and  three  quarters  of  the 
aircrafts  minimum  aerodynamic  flight  speed  reaching  the  order  of  30%  to  50%  of  the 
aircraft  weight. 

Besides  the  lift  loss  considerable  changes  on  pitch,  yaw  and  rolling  moment  occur, 
resulting  from  wing  and  especially  from  jet-tail  interference.  Pitching  moment  is  altered 
by  about  30%  thrust  times  m.a.c.  influencing  strongly  the  aircraft  flight  characteristics 
during  transition. 


7.1 . 2  Applicability  of  Data 


Coming  to  the  problem  of  wind  tunnel-flight  test  data  correlation  and  prediction  of 
aircraft  flight  characteristics. 

Bleed  nozzle  and  flight  control  system  design  as  well  as  their  adjustment  in  the 
aircraft  were  realized  on  the  basis  of  wind  tunnel  results  and  were  never  changed  during 
the  whole  flight  test  period .  This  implied  that  the  aerodynamics  departments  engagement 
during  flight  tests  was  small,  to  meet  with  any  urgent  situation  on  the  aircraft,  except 
on  two  occasions  occuring  at  the  beginning  of  the  transition  flight  test  phase.  These 
incidents  important  for  model  data  applicability  will  be  discussed  in  the  following. 

The  first  occuring  in  longitudinal  motion,  when  the  pilot  Increased  forward  speed 
from  hovering.  Nose-up  pitching  moments  produced  commanded  an  earlier  lift  engine  thrust 
modulation  than  predicted  by  flight  test  simulation.  This  increased  thrust  Induced  addi¬ 
tional  8UC)c-down  on  the  horizontal  tail  keeping  aircraft  further  nose-up,  resulting  in 
unacceptable  handling  qualities. 

At  that  time  we  recognized,  that  jet-induced  nose-up  pitching  moments  were  higher  on 
the  aircraft  than  derived  from  wind  tunnel  results. 
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We  succeeded  by  changing  the  zero  tail  setting  by  3.5  deg  aircraft  nose  down, 
linearizing  elevator  characteristics  and  in  addition  shifting  the  starting  point  of  lift 
engine  thrust  modulation.  No  further  changes  then  were  necessary  until  the  end  of  the 
flight  tests. 

Evaluating  the  pitching  moments  from  flight  tests  confirmed  that  they  were  large 
compared  to  wind  tunnel  test  data,  remember  fig.  (17). 

The  thiclc  support  sting  at  the  rear  of  the  fuselage  is  the  cause  of  the  small  measured 
nose-up  pitching  moments  in  model  tests.  It  decreases  the  downwash  thus  producing  nose 
down  moments  which  do  not  exist  on  the  aircraft.  Theoretical  calculations  using  the  panel 
method  for  wing-body  including  jets  confirmed  the  effects  of  a  rear  mounted  sting.  These 
calculations  were  performed  together  with  Grumroin  Aerospace  Corporation  for  Naval  Air 
Propultion  Test  Center. 


The  second  incident  occured  in  side  slip.  In  spite  of  good  model  to  flight  data  correla¬ 
tion,  it  was  more  problematic  and  dangerous  for  the  safety  of  pilots  and  aircraft.  The 
main  features  are  explained  in  fig.  (21),  which  presents  jet  and  intake  influences  on 
lateral  motion. 

Yawing  moment  referred  to  thrust  and  wing  half  span  is  plotted  against  effective 
velocity  ratio  which  is  about  equal  to  Mach  number.  The  cruise  engine  intake  is  destabi¬ 
lizing  in  yaw,  whereas  the  "basic"  aircraft  and  jet  influences  are  stabilizing. 

The  destabilizing  intake  moment  for  a  fixed  yaw  angle,  being  roughly  a  linear  function 
of  flight  Mach  number  equalizes  the  stabilizing  parabolic  yawing  moment  at  a  certain  speed 
(see  detail  A).  From  hovering  up  to  this  limiting  speed  of  about  15  kts  (marked  by  the 
dashed  line)  the  aircraft  is  unstable  in  yaw  motion.  On  the  right  hand  side  rolling  moment 
is  plotted  against  effective  velocity  ratio.  Lift  engine  intakes  as  well  as  jet  influences 
are  destabilizing  in  roll.  This  delicate  problem  was  foreseen  when  roll  control  was  limited 
in  speed  and  side  slip  angle.  However,  as  the  limiting  speed  "B"  was  well  within  the 
boundary  for  full  roll  control  we  assumed  that  no  safety  problem  would  arise,  on  condition 
the  pilot  was  "off"  the  rudder  pedals.  Caution  was  necessary  because  wind  tunnel  tests 
predicted  higher  jet-induced  effects  for  increasing  angle  of  attack. 

The  aircraft  had  to  be  kept  within  the  boundaries  shown  in  fig.  (22) ,  where  the  rolling 
moment  in  steady  sideslip  is  plotted,  comparing  wind  tunnel  based  simulation  with  flight 
test  data.  The  curves  were  taken  from  simulation  tests  holding  constant  angle  of  sideslip 
for  different  angles  of  attack  and  aircraft  speed  with  50^  of  full  roll  control  power. 

Two  points  marked  by  full  circle  and  triangle  are  evaluated  from  flight  tests  with 
approximately  comparable  conditions.  It  indicates  satisfactory  agreement  to  the  simulated 
characteristic  within  a  range  of  about  *  5%  deviation  of  the  needed  roll  control  power. 

Concluding,  the  prediction  of  flight  characteristics  based  on  wind  tunnel  results  was 
representative  even  in  the  case  of  unconventional  and  critical  motion  caused  by  sideslip. 
Thus  model  data  applicability  for  prediction  of  aircraft  flight  characteristics  was 
adequate  in  longitudinal,  directional  and  lateral  motion. 

7.1.3  Model  versus  Flight  Test  Correlation 

The  prediction  inadequacies  of  wind  tunnel  jet-induced  aerodynamic  data  are  sumnarized. 
Jet- induced  lift  loss  is  higher  on  the  aircraft  than  on  the  model. 

•  about  2%  to  4%  of  normal  thrust  component  in  ground  effect 

•  about  4%  to  10%  of  normal  thrust  component  out  of  ground  effect 

•  about  2%  to  3%  of  normal  thrust  component  during  hover  flight 

Jet-induced  pitching  momentsdlffer  both  in  nose-up  and  nose-down  direction  in  ground  effect, 
the  discrepancies  being  about  3%  thrust  times  m.a.c. 

In  transition  out  of  ground  effect  the  flight  test  nose-up  pitching  moments  are  5%  to 
8%  higher  than  in  wind  tunnel  tests.  The  explanation  for  this  deviation  was  given  in  the 
previous  chapter.  Thus  the  outstanding  discrepances  between  wind  tunnel  and  flight  test 
results  concentrate  mainly  on  jet  induced  lift  losses  during  transition. 

7.2  Problem  Areas 

7.2.1  Discrepancies  between  Wlndtunnel  Model  and  real  Aircraft 

One  reason  for  the  differences  in  wind  tunnel  and  flight  test  results  is  found  in  more 
or  less  important  discrepances  between  model  and  full  scale  aircraft,  such  as  nozzle 
geometry,  exit  momentum,  jet  quality  and  failure  in  measurement  of  thrust,  velocity,  angle 
of  attack  and  normal  acceleration  etc. 

The  next  two  figures  give  an  example  of  the  Influence  of  nozzle  geometry  on  jet  decay 
and  Induced  forces.  They  are  taken  from  earlier  measurements  of  Kuhn  and  Williams.  Fig.  (23) 
compares  jet  decay  that  means  the  decrease  of  axis  dynamic  pressure  of  three  different 
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nozzles,  each  for  a  cold  and  hot  jet.  The  nozzles' exits  are  different  In  shape  but  equal 
In  area.  The  great  advantage  of  the  circular  nozzle  Is  clearly  shown,  followed  by  the 
quadratic  and  then  by  the  rectangular  one.  At  a  distance  of  4  diameters  behind  the  nozzle 
for  Instance  the  decay  of  the  rectangular  jet  has  already  taken  place  to  an  amount  of  70% 
whereas  the  circular  jet  decay  Is  not  yet  noticeable.  Using  hot  air,  however,  leads, 
especially  for  the  circular  jet  to  earlier  decay. 

Fig.  24  compares  two  nozzles  with  same  exit  geometry  but  with  different  pressure 
chambers.  The  lower  diagram  shows  the  jet  decay  as  function  of  distance  behind  nozzle. 
Nozzle  1  with  a  circular  pressure  chamber  proves  to  be  far  more  resistant,  because  of  lower 
turbulences  than  nozzle  2  with  a  long  rectangular  pressure  chamber.  In  the  upper  diagram 
the  lift  loss  is  plotted  produced  on  a  circular  flat  didc  by  nozzles  1  and  2  blowing  through 
a  hole  in  the  plate's  center.  It  is  to  be  seen  that  the  later  decaying  jet  1  Induces  much 
less  lift  loss  than  the  higher  turbulent  jet  2  with  Its  rapid  decay. 

The  figure  shows  that  double  magnitude  of  suckdown  and  an  Increase  of  3%  thrust  is 
easily  possible. 


7.2.2  Measurement  Accuracy 

The  engine  thrust  determination  could  be  another  source  for  discrepancies  during  flight 
tests. 

Thrust  calculation  based  on  compressor  speed  of  rotation  gives  higher  thrust  when 
accelerating  the  engine  and  lower  thrust  during  deceleration  leading  to  higher  evaluated 
lift  losses  for  take-off  compared  to  landing.  Error  in  thrust  determination  is  of  the  order 
of  1  3%  to  ±  7%,  whereby  3%  more  thrust  shifts  the  flight  test  data  close  to  the  model  data 
for  most  flights  in  ground  effect.  Furthermore  Inaccuracy  and  nonregistering  of  velocity 
and  acceleration  Inputs  could  contribute  to  the  observed  discrepances. 


8.  RECOMMENDATIONS 

From  the  experience  gained  during  the  aerodynamic  development,  wind  tunnel  and  flight 
tests  on  the  VAK-191B,  together  with  the  associated  problems,  such  as  jet  to  airframe 
interference,  recommendations  are  made  to  encourage  future  VSTOL  development. 

8.1  Critical  Model  Test  Parameters 

This  is  one  field  of  importance  for  future  model  design  and  testing.  Besides  angle  of 
attack  the  main  parameters  used  in  longitudinal  motion  tests  were; 

•  effective  velocity  ratio  (V^/V-)e 
«  nozzle  swivel  angle  ^ 

While  the  nozzle  swivel  angle  mainly  Influences  the  induced  pitching  moments  by  causing 
a  downwash  field  at  the  tall,  the  effective  velocity  ratio  reveals  to  be  strongly  involved 
in  all  problems  of  jet- induced  forces  and  moments  on  the  aircraft.  So  it  becomes  the  most 
important  parameter  whose  physical  background  has  to  be  studied  carefully. 


8.2  Scaling  for  Future  Models 

Considering  the  critical  parameter  of  effective  velocity  ratio,  it  is  recommended  that 
a  better  jet  mixing  with  real  temperature  (hot  gas)  and  turbulent  efflux  should  be  utilized 
for  model  simulation. 

To  circumvent  the  difficulties  of  hot  gas  simulation  -  data  input  is  laborous  and 
expensive  and  turbulent  engine  efflux  difficult  to  achieve  -  the  following  stepwise  method 
is  recommended: 

•  simulate  effective  velocity  ratio  with  cold  jets 

•  design  nozzles  for  homogenous  low  turbulent  flow 

•  provide  individual  massflow  at  each  nozzle;  pairwise  in  the  case  of  nozzles  symmetrical 

to  the  fuselage  center  line 

•  conduct  measurements  in  rough  program  under  these  conditions 

•  assume  jet  induced  effects  obtained  5%  to  10%  higher  than  measured 

•  Increase  jet  turbulence  in  some  incremental  steps  with  vortex  generators  at  the  nozzle 
exit  ne20:  the  jet  boundary 

•  obtain  real  engine  flow  characteristics  from  manufacturer,  correlate  turbulence  and 
evaluate  lift  Ipsses 

•  conduct  the  complete  model  test  progreun  on  the  basis  of  correlated  engine  to  model  jet 
turbulence 

•  if  engine  flow  characteristics  are  not  available.  Impute  jet-induced  lift  losses  by 
data  measured  from  assumed  jet  turbulence  with  tolerances  of  t  5%  of  normal  thrust 
component. 


Measuring  jet  Induced  pitching  moments  special  attention  must  be  paid  to  sting  correc¬ 
tion,  because  a  fuselage  tall  support  sting  causes  aircraft  nose-down  pitching  moments.  To 


improve  model  jet-induced  pitching  moment  simulation,  higher  downwash  must  be  achieved  with 
turbulence  generators  in  the  jet  boundary  as  described  above. 


8 . 3  Improved  Test  Technique 

The  VAK-191  B  model  technique  proved  successful!  especially  in  model  size  (1:10)  and 
design.  Intalce  blocking  as  in  the  VAK-191  B  depends  on  aircraft  layout,  normally  intake 
effects  are  measured  seperately. 

Great  accuracy  is  necessary  for  model  design,  with  complete  knowledge  of  jet  efflux 
produced.  Provision  should  be  made  for  variable  jet  turbulence  with  vortex  generators  ets. 
in  the  nozzle  exit.  The  low  turbulent  jet  condition  requires  a  large  air  chamber  to  allow 
homogeneous  flow  to  the  nozzles.  Valve  tapped  ducts  for  seperate  nozzle  air  flow  should  be 
used. 

Referring  to  flight  test  techniques  there  is  hardly  any  difference  in  data  quality  in 
the  various  methods  used.  To  avoid  velocity  ratio  fluctuations,  the  thrust  should  be  kept 
constant  within  a  short  time  interval,  resulting  in  step  down  throttle  pulse  input  methods 
for  data  evaluation.  The  disadvantages  of  these  methods  are: 

•  rapid  thrust  alteration  leads  to  inaccuracy  and  failures  in  thrust  calculation 

•  attitude  stabilization  is  difficult  after  dynamic  thrust  alteration 

•  data  information  is  limited  to  few  height  Inputs  per  flight 

On  the  other  hand  a  more  steady  flight  with  a  lot  of  small  time  intervals  of  aircraft 
stabilization  produces  good  results.  This  method  was  preferred  for  test  evaluation  and  is 
proposed  for  future  flight  testing  on  VTOL-aircraft. 


8.4  Improved  Instrumentation 

The  basic  instrumentation  of  VAK  model  tests  was  sufficient,  although  further  equipment 
will  be  necessary  to  extend  measurements  on  jet  quality.  The  aim  is  to  measure  jet 
turbulence  as  reference  for  the  jet  mixing  intensity  and  this  necessitates  the  measurement 
of  jet  intermittancy  in  the  neighbourhood  of  the  jet  boundary  with,  for  instance,  a  hot 
wire  instrument. 

For  flight  tests  the  jet-induced  effects  call  for  exact  measurements  of  velocity  and 
thrust.  Velocity  is  checked  and  corrected  in  the  low  speed  region  by  different  methods, 
measurement  of  thrust,  however,  is  Insure  as  its  calculation  is  based  on  compressor  speed 
of  rotation,  intake  temperature  and  engine  characteristics.  A  more  exact  thrust  determi¬ 
nation  can  be  obtained  by  measurement  of  engine  exit  characteristics.  This  method  is 
proposed  for  future  flight  tests. 
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SUMMARY 

This  paper  reviews  the  fundamental  role  played  by  the  fluid  dynamics  of  jets  within  thrust  auginenting 
ejectors  that  are  designed  as  propulsive  units  for  V/STOL  aircraft.  It  begins  with  a  general  discussion 
that  deals  with  the  question  of  energy  transfer  efficiency  and  its  impact  on  the  production  of  thrust.  It 
explains  why  propellor-like  devices  more  effectively  convert  available  energy  to  thrust  and  cautions  that 
overall  ejector  perfonnance  is  very  sensitive  to  losses  sustained  by  individual  components.  Stipulating 
that  the  most  important  loss  mechanism  is  incoriplete  mixing  between  the  ejector's  primary  and  entrained 
streams,  the  paper  then  reviews  an  experimental  data  base  that  provides  insight  into  interactions  between 
turbulent  mixing  and  other  factors  and  also  provides  direction  toward  improving  mixing  and  ejector 
performance.  The  paper  contrasts  free  mixing  and  mixing  in  a  confined  environment  and  concludes  that  the 
development  of  theoretical  methods  that  successfully  predict  the  performance  of  V/STOL  ejectors  must  await 
the  results  of  new  experiments  that  measure  turbulence  intensities  and  Reynolds  stresses  in  confined 
regions. 
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cross  sectional  area 

mean  lift  coefficient  on  blade.  Equation  (1) 

diaineter  of  axisymmetric  duct  or  breadth 

of  "two-dimensional"  channel 

thrust  produced  by  isentropic  expansion 

enthalpy  or  half-width  of  “two  dimensional"  channel 

length  of  mixing  duct 

Ma£h  number  or  momentum  flux.  Equation  (7)  et  seq. 

M/U'^,  Equation  (9) 
mass  flow 

mean  pressure,  pressure  at  a  point 
measure  of  duct-diffuser  losses  in  an  ejector 
frequency  x  nozzle  diameter/jet  velocity 
thrust 

mass  averaged  velocity  in  duct 
components  of  velocity  at  a  point 
mean  velocity 

coordinates  in  direction  (x)  and  transverse  (y,z)  to  flow 
half-velocity  width  of  jet 


flow  skewness.  Equation  (4) 
drag-lift  coefficient.  Equation  (1) 
primary  nozzle  thrust  efficiency,  T/Fisen 
primary  stagnation  temperature/ambient  temperature 
inlet  loss  coefficient 

primary  stagnation  pressure/ambient  pressure 
density 

solidity.  Equation  (1) 
shear  stress 
T/Fisen 

rn/itio 


relating  to  primary,  secondary,  fully  mixed,  diffuser  exit 


1.  INTRODUCTION 

The  fluid  dynamics  of  jets  plays  a  key  role  in  several  technologies  applicable  to  V/STOL  aircraft. 
Propulsion  is  one  of  these  and  has  proven  especially  troublesome  to  designers  because  of  the  great 
difference  in  power  required  for  cruise,  on  the  one  hand,  and  for  vertical  takeoff,  on  the  other.  One 
proposed  solution  to  this  problem  has  been  to  use  the  energetic  exhaust  gases  from  engines  designed  to 
certain  cruise  specifications  by  ducting  them  to  ejectors  which  siniltaneously  "auginent"  and  rotate  the 
direction  of  the  engine's  thrust  vector. 
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Ejectors  are  purely  pneumatic  devices  but  have  factors  in  coitinon,  as  well  as  in  contrast,  with  such 
mechanical  devices  as  propellers  and  rotors.  Like  the  mechanical  devices,  ejectors  transfer  available 
energy  and  iinpart  motion  to  large  quantities  of  ambient  air.  In  both  cases,  the  momentum  of  the  resultant 
motion  is  equivalent  to  the  thrust  produced  by  either  device.  Unlike  the  mechanical  systems  which 
transfer  energy  through  normal  stresses  acting  on  the  solid  surfaces  of  rotating  blades,  conventional 
ejectors  transfer  energy  through  shear  stresses  acting  on  the  fluid  surfaces  of  jets.  Opponents  of 
ejectors  correctly  point  out  that  the  latter  inechanism  is  inherently  less  efficient  than  the  former  while 
proponents  recite  a  littany  of  advantages  that  accrue  to  ejectors  and  question  if  efficiency  is  really  a 
germane  issue. 

This  paper  begins  with  a  general  discussion  that  deals  with  the  question  of  energy  transfer 
efficiency  and  its  impact  on  the  production  of  thrust.  It  quantifies  the  degree  to  which  propel  lor- 1  ike 
devices  more  effectively  produce  thrust  froin  available  energy  than  do  ejectors,  but  suggests  that  the 
difference  in  effectiveness  is  not  so  large  as  to  warrant  altogether  discounting  ejectors.  There  then 
follows  a  discussion  of  the  role  played  by  the  fluid  dynamics  of  jets  within  ejectors.  Within  this 
framework,  recent  experiinents  demonstrate  how  high  primary  temperatures  and  pressures  impact  ejector 
performance  through  their  effects  on  turbulent  mixing.  Curiously,  these  temperature  effects  are  either 
favorable  or  not,  accordingly,  as  the  ejector  is  either  short  or  long.  The  experiments  also  explain  why 
most  theoretical  analyses  fail  to  predict  the  favorable  effect  of  temperature.  On  the  other  hand,  an 
example  illustrates  how  one  analysis  provides  a  posteriori  assistance  in  explaining  an  unexpected 
experimental  result,  very  rapid  mixing  associated  wiTh  acoustic  resonance.  Accelerating  mixing  beyond  the 
rate  associated  with  normal  turbulent  processes  is  key  to  the  successful  application  of  ejectors  to  f/STOL 
aircraft.  The  paper  discusses  several  schemes  for  accelerating  turbulent  mixing  before  reviewing  what  is 
known  of  mixing  in  a  confined  environment.  Following  a  discussion  of  methods  available  to  analyze  ejector 
flows,  the  last  section  summarizes  the  paper's  principal  conclusions. 


2.  THE  PROOUCTION  OF  THRUST 


Every  ejector  consists  of  one  or  more  priinary  nozzles  which  discharge  jets  of  high  energy  fluid  into 
a  duct.  It  also  has  an  Inlet  which  directs  a  lower  energy  secondary  stream  of  fluid  into  the  same  duct 
where  the  two  streams  mix.  An  adjunct  to  mixing  the  primary  jet  and  the  secondary  stream  in  a  confined 
region  is  a  reduction  in  mean  pressure  from  ambient  which,  in  turn,  maintains  the  flow  of  the  secondary 
stream  through  the  inlet.  Under  normal  circumstances,  the  secondary  flow  rate  increases  when  a  diffuser 
is  used  to  raise  the  pressure  of  the  mixing  streams  to  the  level  at  the  ejector's  exhaust  plane. 
References  1,  2  and  3  provide  explicit  descriptions  of  the  ejector  process. 

Expelling  fluid  through  the  priinary  jets  produces  useful  thrust  which  in  a  sense  characterizes  the 
source  of  energy.  Useful  thrust  is  also  produced  by  the  reduced  pressures  acting  on  the  upstream  surfaces 
of  the  inlet,  and  it  is  this  contribution  which  “augments"  the  primary  propulsive  force.  The  ratio  of  the 
force  produced  by  the  entire  ejector  system,  F,  to  the  force  produced  by  isentropical ly  expanding  the 
primary  mass  flow  to  ambient  pressure,  Fjjen  ’  '**0  '^isen  •  called  the  thrust  augmentation  ratio,  v  . 
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Figure  1 .  Ideal  thrust  augmentations  for 
ejectors  with  constant  area 
mixing  tubes. 


Figure  2.  The  effect  of  losses  on  the 
thrust  augmentation  of  ejectors. 
Aj/Aj  =  1.5  .  From  Reference  1. 


Ideal  ejectors  transfer  energy  from  the  primary  jets  to  the  secondary  stream  in  a  mixing  duct  which 
is  maintained  either  at  constant  pressure  or  at  constant  cross-sectional  area.  Under  these  conditions, 
together  with  the  assumptions  that  the  two  incompressible  flows  coinpletely  mix,  that  there  are  no  pressure 
gradients  normal  to  the  mean  flow  direction,  and  that  there  are  no  inlet,  nozzle  or  friction  losses,  one 
can  algebraically  solve  the  equations  expressing  conservation  of  mass  and  momentum  within  the  mixing  duct. 
The  results  of  such  a  solution  for  constant  area  mixing  appear  in  Figure  1  and  show  that  specifying  ideal 
ejector  performance  requires  two,  independent  geometric  parameters.  This  point  deserves  emphasis  in  view 
of  the  tendency  in  recent  articles  to  relate  »  to  just  one  parameter,  usually  Aj/Aq  .  Traditionally,  one 
relates  performance  to  the  inlet  area  ratio,  Aj/Aq  ,  and  the  diffuser  area  ratio,  A^/A^  ,  and  increasing 
each  parameter  Increases  performance. 

While  Figure  1  suggests  the  potential  of  ejectors  to  double  the  thrust  of  a  priine  mover,  one  must 
keep  in  mind  the  ideal  nature  of  the  assumptions  underlying  the  calculation.  Earlier  papers  [1,4J  examine 
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those  assumptions  and,  through  control  volume  methods  which  allow  soiiewhat  more  complicated  but  still 
algebraic  solutions,  they  assess  the  effect  of  nonuniform  velocity  profiles,  nozzle  losses,  inlet  losses 
and  wall  friction.  Thus,  for  Aj/A^  =  ilO,  A3/A^  =  l.b  so  »idEAL  '  <J.d69  ,  a  five  percent  increase  in 
either  ^p,  or  4  ,  results  in  a  five  percent  reduction  in  1^  while  a  five  percent  increase  in 

aq/qmEAL  results  in  a  twelve  percent  reduction  in  $  .  The  situation  is  worse  when  losses  are 
considered  to  be  acting  together,  as  must  be  the  case  in  a  functioning  ejector.  This  state  of  affairs. 
Figure  represents  a  much  more  reasonable  estimate  of  what  might  be  expected  from  thrust  augmenting 

ejectors.  While  a  doubling  of  thrust  still  appears  to  be  within  reach,  the  calculation  shows  that 
achieving  such  a  goal  demands  extreitie  caution  in  identifying  and  controlling  loss  .nechanisms.  If  not, 
ejectors  lose  their  appeal  for  application  to  V/STOL  aircraft  simply  because  propel lors  of  any  variety  are 
better  thrust  augmentors. 

Figure  3  clearly  states  the  case  and  deserves  discussion  since  or.e  rarely  considers  the  thrust 
augmentation  performance  of  propellors.  By  definition,  «  is  the  ratio  of  thrust  produced  by  a  propulsive 
device  to  the  thrust  produced  by  an  isentropically  expanded  jet  of  equivalent  energy.  Following 
McCormick's  [5j  discussion  of  modified  blade  element  theory,  the  power  required  of  a  propellor  producing  a 
thrust,  T,  is 


(1) 


where  e  is  a  drag-lift  ratio,  a  is  a  solidity.  Cl  is  the  average  lift  coefficient  along  the  span  of  the 
blade,  and  A3  is  the  area  swept  by  the  blade.  On  the  other  hand,  the  jet  from  an  ideal  nozzle  produces 
thrust 
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Equating  (1)  and  (2)  eventually  gives  a  relation  for  the  system's  thrust  augmentation  ratio 


9  = 


/A3y/3 

0.7U7 

\^0  / 

1.15  +  (3t/4)(12/oCL)^^^ 

(3) 


Typically,  U.Ob  <  o  <  0.12  for  helicopter  rotors,  0.2_<  o  <  0.4  for  propellors,  and  2  <  o  <  b  for 
ducted  fans.  These  values,  together  with  c  =  0.03  and  Cl  =  0.5,  give  the  associated  regions  in  Figure  3. 
The  region  labeled  "ejectors"  in  the  figure  represents  the  envelope  of  performance  of  all  ejectors  with 
the  "reasonable"  losses  discussed  in  connection  with  Figure  2.  The  performance  curve  of  any  particular 
ejector  (defined,  for  example  by  its  inlet  area  ratio  Ai/Ap)  with  "reasonable"  losses  rests  within  this 
region.  Three  examples  are  given,  Aj/Ag  =  10,  16,  and  25.  It  is  clear  from  these  results  that  quite 
apart  from  performance,  designers  have  other  factors  in  mind  when  they  choose  ejectors  for  V/STOL  aircraft 
propulsion  systems.  These  factors  are  discussed  in  a  number  of  earlier  papers  [1,2,3J  and  include 
favorable  flight-lift  characteristics,  low  downwash  velocities  and  temperatures  in  hover,  low  noise 
production,  a  general  advantage  due  to  the  lack  of  rotating  machinery  and  circular  planforms,  and 
compatability  with  modern  turbine  engines. 

Propellor  devices  and  ejectors  all  produce  thrust  by  transferring  energy  into  a  stream  whose  momentum 
flux  represents  the  force  produced  by  the  device.  In  view  of  Figure  3,  the  essential  difference  between 
the  two  systems  is  that  prouellors  impart  more  momentum  per  unit  of  available  energy.  The  reason  for  this 
is  that  propellors  transfer  energy  through  normal  stresses  while  ejectors  rely  on  shear  stresses  for 
energy  transfer.  Several  years  ago  it  was  thought  that  the  use  of  high  temperature  and  moderately  high 
pressure  engine  effluents  in  the  primary  flow  would  further  degrade  energy  transfer  efficiency  in 
ejectors.  A  number  of  independent  calculations  [6,7,8J  support  this  concern.  Figure  4,  for  example,  was 
adapted  from  Reference  9  and  clearly  predicts  the  adverse  effect  on  thrust  augmentation  of  increasing  the 
temperature  of  the  primary  gas  of  an  inlet  area  ratio  15  ejector  operating  at  a  primary  pressure  ratio  of 
2.5.  However,  this  calculation  and,  to  the  best  of  our  knowledge,  all  other  control  volume  methods  that 
include  the  effects  of  primary  gas  temperature  and  pressure,  fail  to  account  for  the  interaction  between 
such  state  variables  and  the  heart  of  the  ejector  process,  turbulent  mixing.  Even  those  analyses  that 
attempt  to  account  for  friction  and  other  losses  through  the  use  of  descriptive  parameters  have  no  a 
priori  means  of  relating  those  parameters  to  state  variables.  In  which  case,  compressible  flow  control 
volume  analyses  serve  only  as  guidelines  to  the  thermodynamic  limits  of  ejector  perfonnance  and  contrary 


to  the  intention  of  Figure  4,  they  can  predict  neither  the  performance  nor  the  mechanics  of  a  specific 
ejector  operating  under  different  priinary  temperatures  and  pressures.  There  is,  however,  a  set  of 
experimental  data  that  sheds  light  on  the  interplay  between  the  mechanics  and  the  thermodynamics  of 
ejectors. 


Figure  5"  Propellore  and  similar  devices  v  =  2.5  as  computed  by  the 

are  better  thrust  augmentors  than  control  volume  approach  of 

ejectors,  but  their  swept  areas  Reference  6.  Figure  adapted  from 

must  be  circular.  Reference  9. 

3.  THE  MECHANICS  ANU  THERMODYNAMICS  OF  NON-IDEAL  EJECTORS 

References  7,  10,  and  11  report  experiments  with  a  simple,  well  calibrated,  A^/Aq  =  iiS.d  ejector 
consisting  of  a  convergent  primary  nozzle  and  a  constant  area  mixing  duct  smoothly  mated  to  a  bellmouth 
inlet.  Because  of  this  simple  configuration,  one  can  see  clearly  those  interactions  between  priinary  state 
variables  and  performance  that  are  usually  overpowered  and  masked  by  events  arising  in  diffusers  and  other 
components.  In  each  of  the  experiments,  the  ejector  entrains  its  secondary  air  and  exhausts  its  efflux  to 
the  atmosphere.  Reference  11  reports  distributions  of  the  pressure  along  the  wall  of  tne  mixing  tube  and 
surveys  of  the  temperature  and  pressure  in  the  ejector's  exhaust  plane.  Primary  temperature  and  pressure 
ratios  vary  throughout  the  ranges  l.U  ^  b  _<  Z.l  and  1.7  £  ”  ^  6,6  ,  respectively,  while  the 

length-diameter  ratio  of  the  mixing  duct  spans  the  range  3.5  <  L/D  <  13.5  .  The  shapes  of  the  pressure 
and  temperature  surveys  in  the  exhaust  plane  provide  a  graphic  indication  of  how  completely  primary  and 
entrained  flows  mix.  These  observations  are  quantified  by  the  skewness  ratio,  ,  which  is  a  shape 
parameter  associated  with  mass  and  moimentum  distributions  at  the  exit  plane  of  the  ejector,  i.e. 
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rfj  =  1  results  from  the  perfectly  uniform  profiles  characteristic  of  completely  mixed  flows,  whereas  Jj  = 
1.5  indicates  very  scant  mixing  between  primary  and  secondary  streams.  Figure  5  presents  selective  but 
representative  results  from  Reference  11  and  shows  the  more  complete  mixing,  i.e.  a  inonotonical ly 
decreasing  Bj  ,  afforded  by  longer  mixing  ducts.  As  a  consequence  of  Figure  5,  There  would  appear  to  be 
no  appreciable  benefit  to  be  gained  from  increasing  L/D  beyond  eight,  although  this  would  not  be  tne  case 
for  ejectors  with  inlet  area  ratios,  A^/Ag  ,  greater  than  35. B.  It  is  also  very  important  to  observe  in 
Figure  5  that  the  two  flows  more  completely  mix  when  the  priinary  stream  is  hot,  and  that  this  effect 
becomes  more  pronounced  as  the  length  of  the  mixing  duct  diminishes.  The  reason  for  this  is  that  a  hotter 
flow  at  a  given  stagnation  pressure  expands  to  a  higher  velocity,  and  this  gives  rise  to  a  more  intensive 
shear  layer  that  more  rapidly  mixes  the  attendant  jet. 

Reference  7  describes  experiments  in  which  the  mass  entrainment  performance  of  the  ejector  was 
measured  over  the  same  range  of  primary  state  va»-iables  and  length-diameter  ratios.  Four  representative 
sets  of  data  appear  in  Figure  6  which  support  the  contention  that  mixing  is  complete  and  performance 
maximizes  at  L/D  ~i  for  this  ejector.  Increasing  the  mixing  duct  length  beyond  eight  diameters  actually 
degrades  performance  because  the  velocities  at  the  edge  of  the  boundary  layer  are  higher  when  the  flow  is 
well  mix^,  and  the  resulting  friction  losses  become  more  pronounced.  Apart  from  this,  the  data  at  L/D  » 
8  appear  to  have  reached  levels  consistent  with  thermodynamic  limits,  that  is,  increasing  pressure  and 
temperature  of  the  primary  flow  reduces  performance.  On  the  other  hand,  whr're  the  two  streams  have  not 
mixed  well,  say  L/D  <  5,  the  data  also  show  that  the  favorable  mixing  effect  of  higher  tanperature 
coinpensates  the  adverse  thermodynamic  effect  of  higher  temperature.  So  much  so,  in  fact,  that  at  tne 
higher  pressure,  »  »  3.1  ,  raising  the  priinary  flow  stagnation  temperature  from  o  =  l.U  to  u  = 
3.7  actually  increases  the  perfonnance  of  the  ejector. 
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family  of  conatant  area  mixing 
tube  ejectors.  “  25.8  . 
Primary  and  entrained  streams  mix 
faster  (decreasing  d)  when  the 
primary  stream  is  heated.  From 
Reference  1 1 . 


family  of  constant  area  mixing 
tube  ejectors,  Ai/Aq  “  25.8  , 

operating  at  various  primary 
pressure  and  temperature  ratios. 
From  Reference  7. 


Finally,  Figure  7  shows  representative  thrust  augmentation  measurements  obtained  under  the 
conditions  a  =  1  ,  1.7  £  x  ^  6.6,  and  0  <  L/0  ^  11.2  as  extracted  from  Reference  11.  As  in  the  preceeding 
figure,  performance  increases  with  the~length  of  the  duct,  achieves  a  maximum  as  du  approaches  unity 
at  L/0  ~  8,  and  thereafter  decreases  as  friction  losses  take  their  toll.  These  data  are  especially 
interesting  because  in  marked  contrast  to  the  predictions  of  most  analyses,  the  performance  of  this  simple 
ejector  actually  improves  over  the  entire  range  of  L/D  as  the  pressure  ratio  increases  from  1.7  to  8.1. 
The  reason  for  this  apparent  conflict  is  that  4  depends  linearly  on  the  primary  nozzle's  thrust 
efficiency,  rw  (but  it  can  be  shown  that  y  is  almost  independent  of  hn)  dhd  for  this  particular 
nozzle,  n^  =0.91  at  x  =  1.7,  whereas  =  0.955  atx  =  3.1  .  These  efficiencies,  of  course,  are  the 
values  of  4  in  Figure  7  with  the  mixing  duct  removed  from  the  ejector,  i.e.,  L/D  =  0.  The  performance  of 
the  ejector  at  n=  3.8  is  quite  another  matter.  While  the  nozzle  efficiency  differs  little  from  that 
at  n  =  3.1  ,  the  data  obtained  at  the  higher  pressure  yield  a  higher  level  of  performance  so  long 
as  L/0  remains  less  than  6.  Thereafter,  performance  is  better  at  «  =  3.1.  A  negligible  difference  in 
nozzle  efficiency  does  not  explain  this  observation  but  an  increase  in  the  rate  of  turbulent  mixing  does. 
Thus,  with  accelerated  mixing  between  primary  and  entrained  streams,  short  ejectors  show  an  improvement  in 
performance.  On  the  other  hand,  long  ejectors  show  a  reduction  in  performance  oecause  accelerated  mixing 
quickly  produces  a  more  uniform  profile  within  the  duct  which,  in  turn,  leads  to  higher  velocities  on  the 


L/0 

Figure  7.  Thrust  augnentation  performance 
of  a  family  of  constant  area 
mixing  tube  ejectors,  A^/Ag  = 
25.6  ,  operating  at  the  indicated 
primary  pressure  ratios.  The 
nozzle's  thrust  efficiency  at 
these  pressure  ratios  is  given  by 
the  data  at  L/D  =  0.  From 
Reference  1 1 . 


Figure  8.  Direct  association  of  improved 
mixing  and  higher  thrust 
augmentation  with  the  existence 
of  axisymmetric  screech  tone 
resonance  in  a  conatant  area 
mixing  tube  ejector,  A^/Ag  - 
25.3  ,  b  ■  1.0.  From  Reference 
11. 
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walls  of  the  duct  and  larger  friction  losses.  To  explain  the  source  of  accelerated  inixing  at  «  =  i.a  ,  it 
is  reasonable  to  look  for  mechanisms  that  alter  eddy  size  or  structure.  Une  such  inechanism  is  the 
resonant  coupling  of  transverse  acoustic  waves  to  screech  tones. 

It  is  well  known  (Reference  lii  and  other  references  cited  at  Reference  11)  that  underexpanded  jets 
from  convergent  nozzles  enit  loud,  usually  high  pitched  tones.  These  are  screech  tones  which  derive  from 
the  intensification  and  phase  ordering  of  eddies  in  the  jet's  shear  layer  by  pressure  waves  resulting  from 
the  interaction  of  proceeding  eddies  with  shock  cells  in  the  jet.  Ordering  occurs  ooth  in  the  direction 
of  the  flow  and  circunferentially  around  the  jet.  Two  circumferential  modes  have  been  observed: 
symmetric,  with  signals  at  diametrically  opposed  locations  in  phase  and  asymetric,  with  opposed  locations 
also  opposed  in  phase.  The  experiments  of  Reference  11  indicate  that  screech  tones  from  jets  issuing  into 
ducts  selectively  tune  in  frequency  and  phase  to  certain  resonant  transverse  acoustic  modes  of  the  duct. 
Moreover,  the  rate  at  which  the  jet  mixes  with  its  surroundings  is  considerably  faster  in  the  asymmetric 
modes.  Figure  8  clearly  associates  the  abrupt  changes  in  screech  frequency  with  equally  abrupt  changes  in 
the  perforirance  of  an  L/0  =  5.1  ejector.  The  dashed  line,  a  calculation  that  follows  the  procedure 
outlined  in  the  Appendix  of  Reference  7,  serves  only  as  a  line  of  reference  and  describes  performance 
under  conditions  of  constant  friction  factor  and  flow  skewness.  Departure  of  the  data  froin  the 
calculation  underscores  that  neither  the  friction  factor  nor  the  skewness  ratio  ranain  constant  and,  in 
fact,  change  with  a  favorable  impact  on  performance  whenever  the  mixing  inode  becoines  asymmetric.  Pressure 
and  temperature  surveys  [7]  taken  at  the  exhaust  plane  confirm  the  accelerated  mixing  associated  with 
transverse  modes. 

The  experiments  discussed  in  connection  with  Figures  5,  6,  and  7  permit  a  reasonable  response  to  the 
question  "what  are  the  effect  of  elevated  temperatures  and  pressures  on  ejector  performance?"  The  answer, 
quite  simply,  depends  somewhat  upon  the  reaction  of  the  ejector's  components  to  temperature  and  pressure 
but  mostly  upon  whether  or  not  the  ejector  is  long  enough  to  assure  nearly  complete  mixing.  Insofar  as 
ejectors  viewed  as  lift  and  thrust  augmentors  for  rf/STOL  aircraft  are  rather  short,  it  would  seem  that  the 
effects  of  elevated  priinary  temperatures  are  at  worst  negligible  and  at  best  favorable.  Aside  from  the 
influence  elevated  pressures  have  on  component  efficiencies  (which  most  likely  relate  to  Reynolds  number), 
experiments  suggest  a  negligible  effect  of  pressure  on  the  performance  of  short  ejectors  unless,  of 
course,  through  some  combination  of  events,  elevated  pressures  trigger  inechanisms  that  accelerate  mixing. 
In  this  case,  higher  primary  pressures  improve  the  performance  of  short  ejectors.  In  the  general  case, 
all  practical  ejectors  show  improveinents  in  performance  when  means  are  found  to  accelerate  mixing. 


4.  ACCELERATED  MIXING 

The  very  short  overall  lengths  typically  Imposed  on  ejectors  by  \1/ST0L  applications  encourage 
designers  to  decrease  the  length  required  to  transfer  energy  from  priinary  to  secondary  streams.  The  most 
obvious  solution  to  this  design  problem  looks  at  mixing  as  a  surface  or  interface  phenomenon  and  consists 
of  injecting  the  primary  flow  through  a  number  of  nozzles  rather  than  just  one  nozzle.  Unfortunately,  the 
benefits  from  this  solution  diminish  rapidly  because  inlet  lossses  due  to  skin  friction  increase  along 
with  the  increasing  number  of  priinary  nozzles.  A  related  solution  provides  the  priinary  jet  with  an 
increased  mixing  surface  by  expelling  it  through  a  nozzle  with  a  number  of  lobes  or  geoinetric 
irregularities.  These  too  tend  to  promote  inlet  losses  due  to  friction,  or  even  local  separation,  in  the 
entrained  streams  flowing  over  their  external  surfaces.  The  complete  solution  to  the  problem  of  reducing 
the  length  of  ejectors  without  sacrificing  performance  includes  devising  means  to  accelerate  mixing 
between  the  primary  and  entrained  streams.  The  literature  reports  a  number  of  techniques  that  are 
operationally  different  but  conceptually  similar  in  that  they  somehow  alter  the  large  scale  turbulent 
structure  of  shear  layers. 

Such  structures,  or  eddies,  in  a  free  planar  jet  may  be  imagined  as  irregular,  fluid  logs  with  a 
diameter  approximately  half  the  thickness  of  the  jet  rolling  in  the  direction  of  flow  around  axes  that 
span  the  breadth  of  the  jet.  They  are  characterized  by  length  and  velocity  scales  equal  to  the  jet 
thickness  and  the  velocity  difference  between  the  centerline  of  the  jet  and  its  edge.  The  real  free  jet 
is  not  nearly  so  anisotropic  and  includes  eddys  with  axes  normal  to  the  larger  and  inore  intense  log-like 
eddies.  The  latter,  however,  are  the  agents  principally  responsible  for  mixing  the  planar  jet  with  its 
surroundings.  Hypermixing  nozzles  [1,4,13,14J  accelerate  mixing  by  providing  the  jet  with  a  second  set  of 
intense  eddies  which,  along  with  the  log-like  eddies,  mix  the  jet  with  its  surroundings.  This  is 
accomplished  by  dividing  a  planar  nozzle  into  relatively  small  spanwise  segments.  Adjacent  segments 
alternately  incline  the  jet  slightly  from  its  mean  flow  direction,  thereby  assigning  length  (the  segment's 
dimension)  and  velocity  (twice  the  inclination  angle)  scales  to  eddies  with  axes  aligned  with  the  mean 
flow  direction.  Figure  9  contrasts  the  development  of  planar  and  hypermixing  free  jets.  Initially  the 
streamwise  eddies  of  the  hypermixing  jet  nearly  double  the  mixing  rate,  but  as  they  grow  in  their 
downstream  development,  a  destructive  interference  occurs,  and  the  hypermixing  jet's  rate  of  spreading, 
dYl/'^/dx,  returns  to  that  of  the  planar  jet.  In  References  13  and  14,  Devilaqua  discusses  hypermixing 
jets  in  soine  detail. 

One  very  attractive  feature  of  hypermixing  jets  is  their  efficiency.  Most  hypermixing  nozzles 
develop  thrust  efficiencies  around  96  percent.  This  is  around  two  percent  less  than  the  thrust 
efficiency  of  plain  convergent  nozzles  and  is  a  small  price  to  pay  for  doubling  the  rate  of  mixing. 

While  the  literature  reports  no  direct  measurenents,  acoustic  stimulation  of  jets  also  appears  to  be 
an  efficient  means  of  accelerating  mixing.  Sato's  [15]  study  of  stability  and  transition  of  a  free  planar 
jet,  for  example,  provides  early  indication  that  external  sound  Increases  the  width  of  the  mean  flow 
profile.  The  effect,  he  reports,  is  consistently  observed  at  two  different  sound  frequencies  at  around  3B 
db  above  background  noise.  Roffman  and  Toda  [16]  also  report  experiments  on  planar  jets  that  are  inost 
sensitive  to  sound  at  acoustic  Strouhal  nunbers  (based  on  nozzle  slot  width),  S,  of  U.14.  They  present 
mean  flow  data  at  Strouhal  nunbers  of  O.U  (no  sound),  U.1U9  and  U.U55  and  these  signals  clearly  have  a 
marked  effect  on  jet  spreading.  Fifteen  slot  widths  downstream,  for  example,  the  jet  bathed  in  sound  at  S 
«  0.109  has  a  mean  half-velocity  width  more  than  40  percent  wider  than  a  similar  jet  with  no  applied 
sound.  Other  investigators  observe  like  effects  with  axisymmetric  jets.  Becker  and  Massaro  [17J  claim 
that  at  a  certain  critical  frequency,  the  jet  flares  near  its  root  and  “the  initial  angle  of  spread  as 
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much  as  doubled...''.  Hill  [lUJ  describes  the  "Whistler",  a  nozzle  that  develops  a  controllable, 
self-excited  tone.  Oscillating  at  a  Strouhal  number  of  0.315,  the  mean  half-velocity  width  of  the  jet 
exceeds  that  of  a  non-oscillating  jet  by  50  percent  at  ten  nozzle  diameters  downstream. 


Figure  9.  Accelerated  spreading  and  mixing  provided  by  streamwiae 
vortices  (0  <  x  <  7  inches)  in  a  hypermixing  free  jet. 


Similar  effects  occur  at  relatively  high  subsonic  jet  Mach  nunbers.  Over  the  range  0.15  ^  M  ^  0.9, 
Borisov  and  Gynkina  [19]  describe  measurements  of  jets  subject  to  Intense  acoustic  tones  focused  at  the 
nozzle's  exit  plane.  Typical  results  showing  the  Increased  half-velocity  widths  of  free  jets  subject  to 
acoustic  radiation  appear  In  Figure  10,  while  Figure  11  Indicates  the  dependence  of  the  jet's  width  on 
Strouhal  niznber.  There  are  two  peaks  In  this  curve,  indicating  that  the  jet  Is  sensitive  to  acoustic 
stimulation  at  a  fundamental  tone  (approximately  equal  to  Sato's  S  •  0.24  for  symmetric  disturbances  In  a 
planar  jet)  and  Its  harmonic.  A  very  thorough  investigation  of  the  response  of  axisytntnetric  jets  to 
acoustic  signals  Is  described  by  Crow  and  Champagne  [20].  Here,  too,  sensitivity  of  the  jet's  mean  flow 
properties  to  stimulation  at  a  fundamental  tone  (S  *  0.3)  and  its  harmonic  (S  =  0.6)  Is  evident.  Some  of 
their  results  appear  In  Figure  12  and  curiously  suggest  a  moderately  faster  decay  rate  of  the  centerline 
velocity  for  the  harmonic  stimulation.  Fiedler  and  Kroschelt's  [21]  results  add  to  the  data  in  support  of 


enhanced  jet  mixing  In  the  presence  of  acoustic 
the  enhancement  to  an  Intensification  of  the  large 


downstream  locations  of  an 
axisymmetric  jet  subject  to 
acoustic  radiation  at  various 
frequencies.  From  Reference  19. 


atlon.  In  addition,  their  work  expressly  relates 
e  eddies  In  the  mixing  layer. 


Figure  11.  Relative  half  width  development 
of  an  axisymmetric  jet  subject  to 
acoustic  radiation.  From 

Reference  1  9. 


Figure  12.  Decay  of  maximum  velocity  in  an 
axisymmetric  jet  subject  to 
acoustic  radiation.  From 

Reference  20. 


i 
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Glass  liZi  observes  very  rapid  spreading  from  highly  underexpanded  free  jets  (stagnation  pressure 
ratios  around  5  to  lb)  whenever  disturbances  impinge  on  shock  cells  and  create  self-sustained  screech 
tones.  It  is  exactly  this  phenomenon  [UJ  operating  in  a  confined  flow  environment  that  brings  about  the 
remarkable  improvement  in  the  performance  of  compact  ejectors  which  we  discussed  in  preceeding  paragraphs: 
resonance  within  the  mixing  duct  intensifies  shear  layer  eddies  and  accelerates  mixing. 

It  is  unlikely  however,  that  resonant  stimulation  of  the  primary  jet  is  of  importance  in  practical 
ejector  applications.  The  necessary  condition  is  that  a  resonant  frequency  of  the  mixing  tube  differs 
little  from  a  sensitive  frequency  of  the  jet.  Restricting  attention  to  planar  configurations,  this 
condition  ina^  be  written  as  follows: 


^res  ^jet  '•  '^jet 


a 


'jet 


t  a 


(S>) 


Taking  kp  =  (f^esO/a)  =  (n/2)  and  =  (fjet^'^'^jet^  °  •  where  n  and  m  are  integers,  the 

condition  for  resonant  stimulation  of  mixing  in  an  ejector  becomes,  roughly. 


Aj  i!n  1 

A<j  m  Mjet 


(6) 


and  it  is  easy  to  show  by  substitution  that  no  reasonably  small  integers  n  and  m  can  balance  this  equation 
within  such  practical  limits  as  Mjet  “  ^  _<  7.b.  It  is  necessary  to  find  other  means 
than  duct  resonance  if  one  wishes  to  accelerate  mixing  through  acoustic  stimulation  in  practical 
appl ications. 


One  step  beyond  stimulating  jets  with  the  small  disturbances  of  acoustic  waves  is  exciting  large 
disturbances  in  unsteady  jets.  Techniques  for  creating  the  unsteady  jet  appear  to  fall  into  two 
categories  depending  on  whether  the  jet  issues  from  axisymmetric  or  planar  nozzles.  In  the  axisymmetric 
case,  the  jets  are  pulsed  by  some  technique  that  renders  the  driving  pressure  a  function  of  time.  Curtet 
and  Girard's  [23J  photographs  show  that  pulsed  jets  consist  of  vortex  rings  surrounding  the  body  of  the 
jet,  while  Binder  and  Favre-Marinet  C24J  discuss  the  sensitivity  of  the  spreading  and  decay  of  pulsed  jets 
to  the  amplitude  and  frequency  of  pulsation.  Spreading  increases  with  frequency  up  to  a  saturation 
frequency,  afterwhich  it  is  no  longer  sensitive.  Even  after  saturation,  however,  the  jet  remains 
sensitive  to  amplitude  and  spreads  faster  as  amplitude  increases.  Bremhorst  and  March  [2b]  present  data 
at  two  frequencies,  lU  and  25  Hz,  and  also  show  mixing  increasing  with  frequency.  They  conclude  that  the 
mean  velocity  properties  of  steady  and  pulsed  jets  are  functionally  equivalent,  the  effect  of  pulsation 
being  to  move  the  virtual  origin  of  the  jet  far  upstream.  Entrainioent  substantially  increases  with 
pulsation.  In  fact,  they  measure  four  times  the  entrainment  of  a  steady  jet  at  eleven  nozzle  diaineters 
downstream. 

Viets  [26]  discusses  experiments  with  aspect  ratio  10  planar  nozzles  that  produce  unsteady  jets 
through  fluidic  ineans.  These  jets  spread  2  to  b  times  faster  than  steady  jets  although  usually  at  a  large 
(20-30  1)  cost  in  thrust  efficiency.  Moreover,  to  accommodate  the  fluidic  coupling  tubes,  such  nozzles 
presently  require  a  bulk  that  would  seriously  degrade  the  inlet  performance  of  any  ejector.  However,  this 
fault  must  be  considered  as  amenable  to  creative  design  techniques  and  the  nozzles  not  discarded  as  a 
viable  means  to  accelerate  mixing  and  reduce  the  lengths  ejectors  need  for  high  performance. 


5.  CONFINED  MIXING 

Mixing  jets  in  a  confined  environment  imposes  complications  that  are  absent  in  an  unbounded 
environment.  Free  jet  mixing  occurs  at  constant  pressure,  and  the  flux  of  momentum  at  any  stage  of  the 
jet's  development  remains  invariant.  The  jet  spreads  almost  linearly  and  beyond  the  potential  core, 
roughly  ten  nozzle  dimensions  from  the  nozzle's  exit  plane,  the  peak  velocity  in  the  jet  decays  according 
to  an  inverse  power  of  distance.  Also  beyond  the  potential  core,  the  >nean  properties  of  the  jet  become 
nearly  self-preserving  and  scale  with  a  local  characteristic  dimension  of  the  jet,  although  Wygnanski  and 
Fiedler's  [27]  measurements  suggest  that  true  self-preservation  in  an  axisymmetric  Jet  develops  not  less 
than  7U  diameters  downstream. 

Confined  mixing  usually  occurs  in  a  strong  adverse  pressure  gradient  in  the  flow  direction.  The 
curvature  of  the  flow  near  the  inlets  of  certain  practical  ejectors  may  also  produce  transverse  pressure 
gradients  that  can  become  quite  large.  Tailoring  the  cross-sectional  area  of  the  duct  may  also  produce 
zero  or  favorable  pressure  gradients  in  the  flow  direction,  but  such  configurations  have  little  bearing  on 
V/STOL  applications  wherein  one  seeks  to  increase  pressure  as  rapidly  as  possible.  In  any  event,  mixing 
I  in  a  confined  region  conserves  total  impulse  (momentum  plus  pressure)  rather  than  momentum  flux.  In 

addition  and  in  contrast  to  the  free  jet  whose  mass  continuously  increases  with  its  development,  the 
f  confined  jet  develops  in  such  a  way  that  the  mass  flowing  through  any  section  of  the  mixing  tube  remains 

constant.  Curtet  [28]  defines  a  similitude  parameter,  m,  that  expresses  the  constancy  of  both  total 
i  impulse  and  mass  flowing  within  a  constant  area  mixing  duct.  Thus,  for  an  ejector  that  entrains  and 

i  exhausts  air  to  the  atmosphere,  and  with 
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It  can  be  shown  that  for  high  perfonnance  ejectors 
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where  (p„  -  p^)  is  the  pressure  rise  through  a  diffuser.  Thus,  ideally. 


m  = 
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(11) 


and  values  of  m  of  interest  to  the  thrust  augmentation  problem  lie  within  the  range  O.lb  <  m  ^  0.6. 
Curtet's  [28J  experiments  with  two-dimensional  confined  jets  amply  cover  this  range  and  provide  the 
foundation  necessary  for  understanding  mixing  in  a  constant  area  duct.  Some  of  his  results  appear  in 
Figure  13  which  shows  the  decay  of  velocity  along  the  centerline  of  the  duct.  The  data  bear  a  resemblance 
to  the  decay  of  jnaximum  velocity  in  free  jets,  but  there  are  also  some  marked  differences  at  certain 
downstream  locations.  Hill  [291  classifies  these  locations  as  the  four  distinct  regions  sketched  in 
Figure  14.  These  are: 


Figure  14.  Schematic  diagram  of  jet  mixing 
in  a  constant  area  duct»  A(iapted 
from  Reference  29« 


Figure  13*  Decay  of  the  excess  velocity  in  a 
Jet  mixing  with  a  secondary 
stream  in  a  two-dimensional  duct 
of  width  2H  at  several  of 
Curtet's  similarity  parameterSf 
m  a  From  Reference  28. 


(A)  A  potential  core  region,  akin  to  the  initial  region  of  a  free  jet  in  which  the  central 
irrotational  part  of  the  jet  maintains  its  Bernoulli  constant.  However,  in  contrast  to  the  constant 
pressure  free  jet,  the  pressure  is  rising  so  the  velocity  on  the  centerline  of  the  jet  decreases.  This 
effect  is  quite  pronounced  in  Curtet's  [28]  data  obtained  in  a  two-dimensional  duct  (Figure  13).  In  this 
region,  the  secondary  stream  remains  potential  beyond  the  wall  boundary  layer  and  also  decreases  in 
velocity  downstream  due  to  the  rising  pressure.  Curtet’s  data  suggest  that  the  potential  core  region  ends 
at  a  distance  given  approximately  by  L/^/2H  «  0.645m-»«“  . 
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(B)  A  developing  region  wherein  the  jet  profile  assumes  a  rounded  appearance  and  spreads  out  toward 
the  boundary  layer  on  the  duct's  wall.  The  secondary  stream  between  the  boundary  layer  and  the  jet 
remains  irrotational .  Hill  [li9j  examines  the  conditions  under  which  such  jet  profiles  might  be 
self-preserving  and  concludes  that  *Ii/Wq  «  1  (see  Figure  14)  is  necessary.  Typically  one  expects  to 
find  0.3  ^  Wi/Wg  <  0.9  in  high  performance  ejectors.  Apparently  (and  surprisingly)  this  range 
of  satisfies  Hill's  condition  because  Curtet's  experiments  indicate  that  “...downstream  of 
the  potential  core  and  upstream  of  the  point  at  which  It  (the  jet)  reaches  the  walls,  the  curve  H/ag  ° 
f(y/4)  becomes  practically  inc^pendent  of  x  ."  x  is  approximately  equal  to  the  half-velocity  width  of  the 
jet  and  Is  defined  by  iJHg*  */?  W  dy  .  While  Curtet's  paper  contains  no  profiles  that  allow  the  reader 
to  test  the  accuracy  of  his''c1aim,  Razinsky  and  Brighton  [30J  do  provide  such  a  figure  of  data  obtained 
at  Wi/Wq  «  0.5  in  an  axisymmetric  test  rig.  In  their  case,  the  function  W/Wg  »  (1  -  where  c 
«  (radi^  position/jet  width),  describes  well  data  measured  throughout  the  inner  6UA  of  the  jet.  Beyond 
that  radial  position,  data  obtained  near  the  potential  core  lie  somewhat  above,  and  data  obtained  closer 
to  the  end  of  the  regiine  lie  somewhat  below  the  function.  If  one  ignores  the  boundary  layers  on  the 
duct's  walls  and  assumes  the  validity  of  the  similarity  profile,  the  skewness  factor,  £q.  (4),  at  the  end 
of  this  region  Is  Ba  •  1.012  for  m  =  0.15  and  Bg  =  l.lBd  for  m  =  0.6.  The  first  of  these  is  a 
respectable  value,  and  increasing  the  length  of  the  ejector  beyond  the  end  of  region  B  gains  little 
In  9  .  The  second  value  of  Bg  urges  increasing  the  length  of  the  mixing  tube.  To  a  very  rougn 
approximation,  the  end  of  region  B  appears  to  follow  the  relation  Lg/2H  =■  2.35m'''-’'''  for 
two-dimensional  ducts. 

(C)  If  the  jet  entrains  all  of  the  secondary  stream  before  spreading  to  the  walls  of  the  duct,  a 
recirculation  region  develops.  Curtet  [28j  indicates  that  his  similarity  parameter,  m,  must  exceed  0.93 
for  this  situation  to  occur.  In  the  ideal  case  this  corresponds  to  a  diffuser  area  ratio  Ag/A^;  = 
0.73  ,  an  unlikely  situation  for  ejectors  that  augment  thrust.  Within  the  present  context,  this  region 
therefore  has  limited  interest. 

(0)  At  the  beginning  of  the  final  region,  the  jet  merges  with  the  boundary  layers  on  the  walls  of 
the  duct.  The  flow  is  everywhere  rotational  and  not  at  all  self-preserving.  It  is  amusing,  however,  that 
in  this  region,  as  well  as  in  region  C,  one  can  find  a  length  scale  6  that  suitably  fits  experimental 
velocity  profiles  to  the  function  W/W,nax  =  [1  -  (r/6)^/^]^  . 

Hill  [31]  concludes  that  a  similar  set  of  four  flow  regions  characterizes  the  developnent  of  jets  in 
axisymnetric  ducts  whose  diaimeters  vary  in  the  stream  direction.  Figure  15,  for  example,  shows  that 
within  region  B,  before  the  jet  reaches  the  wall,  velocity  profiles  measured  at  four  downstream  locations 
appear  similar,  notwithstanding  the  fact  that  over  these  locations  the  duct's  area  changes  by  almost  a 
factor  of  two.  This  is  an  encouraging  result.  It  not  only  supports  Curtet's  [2dJ  and  Razinsky  and 
Brighton's  [30]  observations  on  self-preservation.  It  also  suggests  a  lack  of  essential  difference  between 
the  development  of  jets  in  either  constant  or  varying  diameter  ducts.  But,  in  fact,  there  may  well  be 
essential  differences  that  for  the  present  remain  unknown  because  the  literature  contains  scant 
measurements  of  turbulence  intensities  and  Reynolds  stresses  for  confined  mixing.  Razinsky  and 
Brighton  [30]  report  some  measurements  of  turbulence  in  constant  area,  axisymmetric  mixing  ducts. 
Unfortunately,  there  appear  to  be  no  corresponding  measurements  in  the  T iterature  that  allow  one  to  look 
for  the  influence  of  changes  in  the  duct  geometry  on  turbulent  scales  and  mixing  rates.  It  is  also  not 
clear  if  such  effects  could  be  seen  in  axisymmetric  flows  although  experiments  suggest  they  may  exist  in 
two-dimensional  flows. 


Figure  15.  Nearly  aelf-eimilar  velocity 
profilee  occuring  in  a  convergent 
duct.  From  Reference  31. 


Figure  16.  (a)  Unstrained  nixing  in  a  duct  whose  sidewalls  remain 
parallel  and  (b)  strained  mixing  in  a  duct  whose  sidewalls 
diverge. 


Reference  32  reports  the  results  of  experiments  with  two  ejector  configurations,  Aj/A^  •  3»  and  11b, 
tested  over  a  range  of  diffuser  area  ratios.  The  primary  nozzles  of  both  configurations  are  simple  slots 
that  span  the  square  entrance  plane  of  an  L/Og  •  3  diffuser.  Air  is  entrained  from  the  atmosphere  through 
an  efficient  inlet,  and  the  mixing  flow  exhausts  to  the  atmosphere  through  a  straight-wall  diffuser.  Two 
opposing  sidewalls  of  the  diffuser  remain  parallel  and  the  remaining  two  walls  diverge.  The  objective  of 
the  experiment  is  to  assess  the  effect  on  ejector  performance  of  positioning  the  primary  nozzles  so  that 
they  span  either  the  parallel  or  the  diverging  walls  of  the  diffuser.  In  the  latter  case,  the  principal 
vortices  in  the  primary  jet  are  stretched  or  strained  as  they  flow  through  the  diffuser  (figure  I6j.  The 
implication  is  that  a  strained  vortex  filament  produces  higher  Reynolds  stresses  and  more  rapid  mixing  as 
a  consequence  of  the  conservation  of  its  angular  momentum.  Figure  17  presents  results  of  the  experiment 
and  shows  the  higher  entraininent  velocities  associated  with  the  strained  mixing.  It  is  not  clear  from 
these  data  however,  whether  the  improved  performance  is  due  to  better  mixing,  to  oetter  diffusion,  or  to 
both.  Pitot  surveys  of  the  flow  within  the  diffuser  support  the  more  rapid  mixing  theory,  but  in  the 
absence  of  accurate  turbulence  measurements,  the  reason  for  Improved  perfonnance  froin  strained  mixing 
remains  speculative. 


Figure  17.  Entrainment  velocity  ratios 

achieved  two  diverging  wall 

ejectors  un  er  strained  (open 
symbols)  and  unstrained  (solid 
symbols)  mixing  conditions. 


Some  words  of  caution  are  in  order.  Their  application  to  f/STOL  aircraft  imposes  on  ejectors  a 
severe  constraint  on  overall  length  that  encourages  abandoning  a  dedicated  mixing  duct  in  favor  of  mixing 
in  a  diffuser.  Typically,  one  sees  length- to- throat  ratios  on  the  order  of  two  or  three.  The  pressure 
gradients  within  such  high  performance  devices  are  thus  very  strong  and  require  the  use  of  sophisticated 
techniques  to  prevent  flow  separation.  In  contrast,  laboratory  experiments  concerned  with  confined  mixing 
normally  employ  length-to-diameter  ratios  on  the  order  of  five  to  fifteen,  and  their  pressure  gradients 
are  relatively  smaller.  Thus,  in  a  realistic  ejector,  the  four  regions  discussed  above  may  becoine 
confused  or  altogether  unidentifiable  as  strong  pressure  gradients  interact  with  turbulent  .nechanisms. 
The  use  of  accelerated  mixing  devices  certainly  coinpounds  the  problem.  FifidTly,  it  is  somewhat  ironic 
that  what  we  know  least  about  in  physics  is  what  we  are  most  sure  of  in  practical  ejectors;  the  flow  is 
turbulent  and  three-dimensional. 


6.  ANALYSIS  METHODS 

Both  conditions,  turbulence  and  three-dimensionality,  make  analysis  of  flows  within  ejectors  very 
difficult.  In  principle,  one  would  like  to  solve  the  following  set  of  equations: 

State:  P  »  o  RT 

Continuity:  (pu)  +  (pv)  +  ^  (pw)  =  0 

Momentum:  (pu^)  (puv)  +  (puw)  *  -  ^ 

^  (PUV)  *  ^  (pv2)  .  (pvw)  .  -  |£  +  igiL  . 

^  (PUW)  .  ^  (pvw)  .  (pw2)  . 

9  ,  9  ,  .  a  ,  9  /pt  9H\  9  /pt  9h\ 

Energy:  .jj  (puH)  +  ^  (pvH)  +  ^  (pwH)  -  ^ 

Subject  to  the  appropriate  wall  boundary  conditions  and  initial  conditions.  The  problem  is  elliptic, 
however,  and  at  least  one  of  the  initial  conditions,  usually  the  pressure,  remains  as  an  iteration 
parameter.  Only  one  value,  the  correct  value,  of  this  parameter  will  bring  the  mixing  flow  to  its 
correct,  pre-specified  pressure  at  the  ejector's  exit  plane.  To  the  best  of  our  knowledge,  the  literature 
reports  no  attempt  to  solve  this  complete  set  of  equations.  A  few  authors  solve  simplified  equations. 

i 
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Hedges  and  Hill  [33j  consider  two-dimensional,  compressible  boundary  layer-like  equations  and  use 
several  different  mixing  lengths  in  an  eddy  viscosity  model  to  represent  shear  stresses  within  the  duct's 
different  flow  regions.  Ihus,  prior  to  spreading  to  the  duct's  boundary  layer,  the  mixing  length  in  the 
jet's  shear  layer  is  proportional  to  the  width  of  the  shear  layer,  while  the  mixing  length  in  the  boundary 
layer  is  proportional  to  a  boundary  layer  Reynolds  number.  An  altogether  different  mixing  length  is  used 
after  the  jet  and  the  duct  boundary  layer  merge.  The  calculations  compare  reasonably  well  with  data 
obtained  from  an  ejector  with  a  non-constant  area  mixing  duct,  except  in  those  regions  of  strong  pressure 
gradient.  This  is  not  surprising  since  eddy  viscosity  models  are  really  appropriate  only  when  equilibrium 
exists  between  the  mean  flow  gradient  and  the  eddy  viscosity. 

DeJoode  and  Patanker  [34]  circunvent  this  problem  by  using  the  Launder-Spalding  two  equation  k-e 
model  to  describe  turbulent  viscosity  in  their  analysis  of  three-diinensional ,  incompressible  mixing  within 
an  ejector.  The  ixiodel  differs  from  eddy  viscosity  models  such  as  that  used  by  Hedges  and  Hill  in  that 
differential  equations,  rather  than  algebraic  equations  or  constants,  describe  key  features  of  turbulence. 
The  k-t  model  produces  satisfactory  results  in  certain  conx)lex  flows  and  succeeds  in  UeJoode  and 
Patankar's  work  in  delineating  the  streamwise  vortex  structure  that  develops  in  hypermixing  jets.  It  also 
does  a  creditable  job  in  describing  the  downstream  development  of  the  very  irregular  hypermixing  jet 
velocity  profiles.  When  compared  to  measurements  of  the  pressure  rise  through  an  L/D  s  1.3,  Aj/Aq  =  <!l.b, 
A3/A2  =  1.9  ejector  however,  the  theory  falls  about  IX  below  experimental  data.  The  authors  suggest  that 
this  is  due  to  their  neglect  of  effects  produced  by  wall  jets  and  friction  on  the  walls  of  the  diffuser. 
While  this  is  no  doubt  true,  another  and  more  important  reason  is  that  their  computational  domain  excludes 
the  ejector's  end  walls  where  three-dimensional  effects  doininate  the  flow  pattern.  Other  works  L^b.36j 
use  the  same  or  similar  k-e  turbulence  procedures  to  compute  thrust  augmentation  performance  of  ejectors. 
In  general,  the  calculations  do  not  compare  very  well  with  experiinental  data,  and  we  suspect  the  cause  is 
the  three-diinensional ity  of  the  flow  throughout  the  entire  ejector.  Our  search  of  the  literature  fails  to 
identify  any  successful  effort  to  compute  a  fully  three-diinensional  ejector  flowfield  with  an  advanced 
turbulence  model. 

In  those  select  cases  where  the  flow  remains  two-dimensional,  where  pressure  gradients  are  not  too 
severe  and,  especially,  where  velocity  profiles  are  reasonably  self-similar,  integral  .nethods  afford  a 
fairly  accurate  and  timely  computational  approach.  Hill  [31]  describes  an  incompressible  flow  method 
which  reduces  the  six  equations  of  motion  to  a  continuity  equation  and  three  moinents  of  the  x-moinentum 
equation.  Their  simultaneous  solution  describes  the  development  of  the  mean  pressure,  the  priinary  and 
secondary  flow  velocities  and  the  spreading  width  of  the  primary  jet.  The  pressure  distribution  Hill 
computes  fairly  well  agrees  with  pressures  measured  on  the  wall  of  an  axisymmetric  ejector  of  variable 
cross-sectional  area.  In  principle,  then,  one  should  be  able  to  predict  the  ejector's  thrust  augmentation 
with  almost  the  same  accuracy,  although  this  has  yet  to  be  done.  Whether  or  not  such  predictions  would  oe 
useful  to  f/STOt  applications  remains  doubtful,  however,  in  view  of  the  severe  restrictions  that  identify 
the  validity  of  the  method. 

Qne-dimensional  control  volume  methods  provide  the  most  simple  analyses.  Their  shortcoming  is  tneir 
inability  to  describe  physical  events  in  explicit  terms.  In  a  sense,  this  is  also  their  principal 
strength  since  the  details  of  turbulent  mixing  and  other  three-diinensional  physical  processes  occurring  in 
ejectors  remain  ill-defined  at  the  present  time.  In  this  regard,  certain  parameters  may  succinctly 
express  the  combined  effects  on  performance  of  one  or  more  of  the  physical  processes.  The  flow  skewness, 
a,  for  example  conveniently  integrates  the  effects  of  mixing,  wall  friction,  and  flow  separation  within 
the  entire,  three-dimensional  flow  domain.  Unfortunately,  assigning  nunerical  values  to  such  parameters 
presumes  access  to  a  broad  data  base  that  reflects  experience  with  many  configurations.  At  the  present 
time,  a  designer  equipped  with  such  a  data  base  may  use  any  number  of  incompressible  [l,37j  or 
compressible  [6,7,38J  control  volume  analyses  to  estimate  the  effect  of  geometric  and  fluid  dynamic 
parameters  on  performance.  That  he  may  do  so  with  more  accuracy  and  with  less  resort  to  art  or  intuition 
than  would  be  required  should  he  attempt  the  numerical  solution  of  equations  employing  sophisticated 
models  of  turbulent  transport,  serves  as  an  indictment  of  the  meager  progress  we  have  made  in  developing 
theoretical  methods  of  analyzing  ejector  perfornance. 


7.  CLOSURE 

Two  other  types  of  ejectors  deserve  mention.  Foa  [39]  discusses  a  mechanism  for  inducing  a  flow  into 
a  duct  through  the  action  of  pressure  waves  established  by  rotating  jets.  Alperin  [40J  uses  a  control 
volume  approach  to  analyze  the  compressible  flow  of  an  ejector  at  high  pressures  and  directs  attention  to 
the  "second  solution"  in  which  the  mixed  flow  exhausts  from  the  ejector  at  supersonic  speeds.  While  both 
technologies  are  important  each  lies  beyond  the  scope  of  this  work:  the  first  because  pressure,  rather 
than  shear  stresses,  transfer  energy  and  the  second  because  such  an  ejector  concept  remains  to  be 
experimentally  realized.  Consistent  with  the  theme  of  this  AGARD  Fluid  Dynamics  Panel  Symposium,  our 
Interests  concern  the  fluid  dynamics  of  jets  within  thrust  augmenting  ejectors  for  V/STOL  aircraft. 

There  inust  be  compelling  design  reasons  for  this  application  of  ejector  technology  since  the  energy 
available  from  aircraft  engines  could  produce  more  thrust  if  it  were  applied  to  the  shaft  of  a  propellor. 
Admitting  such  a  compelling  reason,  perhaps  a  rectangular  planform  required  for  the  propulsive  unit,  the 
V/STOL  aircraft  application  imposes  a  severe  length  constraint  on  the  ejector.  Reducing  the  length  of  an 
ejector  normally  reduces  its  performance  because  there  is  less  opportunity  for  the  primary  jet  to  transfer 
its  energy  and  iixxnentum  to  the  entrained  stream.  Accelerating  the  rate  of  mixing  solves  the  problem.  One 
method  of  accelerating  mixing  is  to  heat  the  primary  jet.  This  also  has  the  adverse  effect  of  decreasing 
the  density  and  momentum  of  the  mixed  flow  but  the  more  uniform  distribution  of  moinentum  due  to  increased 
mixing  produces  a  net  positive  result  in  short  ejectors.  Other  methods  of  accelerating  mixing  act  on  the 
turbulent  structure  of  the  jet.  These  include  hypermixing,  which  amplifies  streanwise  vortex  structures 
and  unsteady  jets  which  also  amplify  lateral  vortex  structures  and  may  also  lead  to  pressure-driven  energy 
exchanges. 

Knowledge  of  the  fluid  dynamics  of  jets  mixing  in  a  confined  region  is  poor.  The  experimental  data 
base  consists  mostly  of  wall  pressure  measurements  and  mean  velocity  profiles  at  selected  stations  within 
a  constant  diameter,  axisymmetric  duct.  There  are  some  mean  flow  data  taken  in  convergent-divergent 


19-13 


axlsynmetrtc  ducts,  and  in  constant  area,  rectangular  ducts.  In  general,  however,  experiments  described 
in  the  literature  involve  long  axisymmetric  mixing  ducts  and  relatively  mild  pressure  gradients.  In 
contrast,  high  performance  V/STOL  ejectors  are  short,  two-dimensional  planforms  with  very  large  pressure 
gradients.  To  understand  the  mechanics  of  mixing  within  them  requires  new  experiinents  that  measure 
turbulence  intensities  and  Reynolds  stresses,  in  addition  to  mean  flow  properties,  within  similar, 
two-dimensional  planforms.  Equipped  with  this  information,  we  might  then  expect  a  substantial  improvement 
in  the  accuracy  with  which  theoretical  analyses  predict  the  perforinance  of  thrust  augmenting  ejectors. 
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Une  modellsation  de  systemes  Injecteurs,  permettant  d'augmenter  la  poussee,  ou  pouvant  constltuer 
un  dispositlf  d ' ent ratnement  de  flulde,  est  proposee,  en  vue  d*4valuer  et  d*optiiniser  les  performances 
qu'on  peut  en  attendre  dans  le  cas  d'un  regime  statlonnaire. 

Un  schema  simple,  falsant  I'hypothese  d'un  melange  raplde  des  ecoulements,  permet  d'exprimer  a 
partlr  des  equations  de  base,  I'lnfluence  des  dlfferents  parametres  caracteristiques  de  la  trompe.  Son  ccn- 
trole  experimental  est  effectue  a  partlr  de  resultats  obtenus  dans  1 'etude  et  la  mlse  au  point  d'une  souf- 
flerie  d  induction. 

On  examine  alnsl  I'lnfluence  des  dlfferents  parametres  :  rapport  des  sections  de  1 'Injection  et  du 
fluide  entratne,  nombres  de  Mach  et  rapports  de  pression,  rapport  des  temperatures. 

La  configuration  mime  de  I'lnjecteur  apparatt  egalement  comme  tres  Importante,  notamment  en  ce  qul 

concerne  les  fluctuations  de  pression  et  le  bruit  aerodynamique  qui  en  resultent. 

SUMMARY  ;  Theoretical  Optimisation  and  Experimental  Verification  of  an  Ejector 

A  modellsation  of  induction  systems,  which  could  be  used  for  thrust  augmentation  or  more  generally 

constitute  a  fluid  drive  system,  is  proposed  for  the  steady  regime  case.  A  simple  scheme  in  which  a  rapid 

mixing  of  the  flows  is  assumed,  allows  to  solve  the  basic  equations  and  express  the  main  parameters  in-' 
f luence. 

Its  verification  is  effected,  u'lJng  a  set  of  experimental  data  obtained  during  the  study  of  an 
induction  driven  wind-tunnel.  Various  parameters  (area  ratio  between  injected  and  driven  flows,  Mach  num¬ 
ber,  pressure  and  temperature  ratios)  are  studied.  The  injector  configuration  also  appears  to  be  very 
important, in  particular  as  to  pressure  fluctuations  produced  at  injection  and  the  corresponding  aerodyna¬ 
mic  noise  In  the  wind  tunnel. 


NOTATIONS  PRINCIPALES 

Q  Vitesse  du  son 
U  Vitesse  de  I'ecoulement 
M  nombre  de  Mach 
P  masse  volumlque 
P  pression  statique 
Pj  pression  totale 
T  temperature 

temperature  totale 
hi  enthalple  totale 
t  rapport  de  temperatures 
f  frequence 
H  hauteur 
L  largeur 


S  section 

\  rapport  des  sections 
Q  debit 

Q  pression  dynamlque 


Ind ices 

j  injection 
^  melange 
V  velne  d'essai 
1  ecoulement  entratne 


1.  INTRODUCTION. 

L'utlllsatlon  d'lnjecteurs  constituent  le  moteur  d'une  soufflerie  a  ^te  le  point  de  depart  de  nom- 
breuses  dtudes  effectuees  d  1 'ONERA. 

Une  solution  de  ce  type  avalt  dtl  en  particuller  proposee,  sous  I'lrapulslon  de  Mr  P.  Carrlere,  pour 
r^aliser  une  soufflerie  europ^enne  d  grand  nombre  de  Reynolds  (Projet  LEHRT,  Large  European  High  Reynolds 
Wind  Tunnel).  Cette  soufflerie  devalt  fonctionner  par  courtes  rafales,  d  temperature  amblante,  avec  une 
velne  de  20  m2  de  section. 

Des  Etudes  theoriques  et  exp^rlmentales  sur  des  installations  d  echelle  r^duite,  vlsant  d'une  part 
H  optimiser  les  performances  du  syst^e  injecteur  et  d  prouver  d'autre  part  que  les  qualit^s  de  I'^coule- 
ment  peuvent  etre  bonnes  malgr^  le  bruit  engendr^  par  les  jets  moteurs,  ont  done  St€  effectuees.  On  ana¬ 
lyse  lei  les  principaux  aspects  de  ces  Etudes. 

Aprds  une  presentation  des  Iquatlons  de  base  schfmatlsant  le  fonct lonnement  de  I'lnjecteur,  on 
discute  les  rdsultats  principaux  concernant  son  optimisation  theorique  et  exp€rimentale,  ainsi  que  les  me- 
sures  caract^rlsant  Ig  qualltd  de  1 'Icoulement ,  en  s 'Int^ressant  partlcull^rement  au  bruit  aerodynamique 
provenant  des  fluctuations  de  pression. 


J 
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2.  THEORIE  DE  L*INJECTEUR. 

2.1.  ModellsaClon  mono -d linens lonne lie  stat lonnalre. 

Conslderant  un  ^coulemenC  ne  prdsentanC  pas  d'effeCs  de  ccurbure  accentues,  nous  definlssons 
comme  "^coulement  moyen"  I'ecoulenent  unlforme  qul  transporte  les  memes  debits  de  masse,  de  dynalple 
(  p  -pu»)  et  d'enthalple.  Get  ecoulement  (m)  est  celui  qul  se  reallseralt  ^  l*extremlt6  d'un  canal  cy- 
llndrlque  prolongeant  la  section  conslderee,  et  dans  leeuel  auralt  lieu  un  melange  ideal  sans  effets 
parl^taux  de  viscositi  et  de  conduct  lb  11 lt6  thermlque 


M 


m 


(1) 


/ 


p  u  dS 


(2) 


(3) 


pu^S 


hj  dS 


pu  A 

m  m 


(p  ♦  p  u*)A  =  (UYM^)  pA 

m  m  m  m 


p  u  h.  A 

mm  'ft! 


SI  nous  prencns  comme  variables  prlnclpales  la  vltesse,  la  densite  et  la  pression  moyennes,  la 
temperature,  I'enthalple  totale  et  le  nombre  de  Mach  moyens  s'en  deduisent  par  les  relations  : 

p/psrT  ;  M  =  u/a  ;  a  =  \ITrT  ;  h.  =  C  T  ♦  u^/ 2  =  C  T 
mm  m'  mmm'tn  m  impmm  Pim 

Nous  dtsposons  alnsl  de  3  equations  pour  3  inconnues,  ce  qul  permet  de  definlr  I’etat  moyen. 


On  a  €t4  amene  I  mettre  en  oeuvre  dans  les  Etudes  experlmentales  effectuees  deux  types  d* injec¬ 
tion  :  injection  pdripherique  au  travers  de  fentes  aoenag^es  aux  paroir,  Injection  ripartle  par  une  s§rle 
d'injecteurs  bldimensionnels  places  au  seln  de  l*4coulement. 

Les  prlncipaux  aspects  en  sont  schematises  figure  1  :  I'lnjectlon  pdripherlque  donne  lieu  S  des 
survltesses  prSs  des  parols,  leur  amort Issement  et  en  consequence  le  melange  avec  I'Scoulement  enCratne 
s'effectuant  sur  une  grande  distance  ;  l^lnJectlon  repartle  au  seln  de  1 'ecoulement  donne  un  melange  plus 
raplde  et  des  frottements  aux  parols  plus  falbles  ;  11  faut  cependant  y  aj outer  les  pertes  de  charge 
propves  aux  aubages  au  bord  de  fulte  desquels  est  effectu^e  I'lnjectlon. 


La  modellsatlon  utiXls^e  pour  I'analyse  des  paramecres  de  la  trompe  suppose  qu'une  discontinuite 
des  caracterlstlques  a  lieu  au  niveau  du  plan  d' Injection,  falsant  passer  brutalement  des  caracteristlques 
notees  (1)  pour  I'ecoulement  entratne  et  notees  (j)  pour  I'ecoulement  moteur,  aux  caracteristlques  (m)  du 
melange.  Les  ecoulements  (1)  et  (j),  aussl  blen  que  I'ecoulement  moyen  (m)  qul  en  resulte,  sont  supposes 
stat lonnalres  et  unlformes* 


L'ecoulement  moyen  peut  alors  etre  calcule  facllement,  ^  partir  des  equations  de  base  qul  expri- 
ment  la  conservation  de  la  masse,  de  la  dynalple  et  de  I'energle,  equations  ecrltes  figure  2. 

En  se  servant  des  relations  classlques  des  ecoulements  isentroplques ,  on  peut  transformer  les  equa¬ 
tions  inltlales  en  un  systeme  expllclte  de  3  equations  a  8  inconnues,  en  y  falsant  apparattre  des  formes 
adlmenslonnelles.  SI  I'on  se  donne  5  paramdtres  caractec i-stlques  des  ecoulements,  on  peut  alors  calculer 

les  autres  ;  par  exemple  A  =  S  /S.  :  M  ;  M ■  /■  P, •/  R  T.  •/  T-  parametres  de  I'injecteur  et 

m  j  V  .  'i  'J 

de  I'ecoulement  entrain^,  pennettent  de  definir  : 

0^  /  Qj  •  rapport  de  debit  masslque 

pj^  /  pj^  :  rapport  de  pression  realist  par  I'injecteur 

/  Tji  •  rapport  de  temperature 

:  nombre  de  Mach  de  I'ecoulement  aprds  melange. 

On  peut  ausal  se  fixer  A  ;  M,/  Mj  } 
see  par  le  circtilt  ;  on  calcule  alors  : 


et 


Pi/  Pi. 


Pj'P,,  /  ;  V  Ti.  ;  M, 


la  perte  de  charge  Itant  Impo- 


20-3 


De  1 'analyte  dc  ces  paranitret,  il  ett  pottible  de  choitir  panii  let  diffdrentet  tolutiont  un 
cooproait  entre  let  neilleuret  perfoinancet  aCrodynaniquet  det  injecCeurt  et  let  contraintet  technologiquea . 

Une  telle  ditcuttion,  effectuie  d'abord  pour  le  cat  d'Scouleaentt  moteur  et  entraind  i  oSme  tea- 
pdrature  totale  (dgale  >  1 'amblante) ,  a  perait  de  dCfinir  let  principalet  caractdrittiquet  de  la  tolution 
propotCe  par  I'ONERA  pour  le  projet  LCRHT^  .  La  aoufflerle  tranttonique  T2  du  Centre  de  Recherchet  de 
Touloute,  qui  eat  tentlbleaent  I'dchelle  1/10  du  projet  europCen  propoad,  ainti  qu'une  petite  Inttallation 
pllote  T’2,  ddfiniet  de  la  aeae  aaniire,  tont  let  deux  inttallationt  dans  letquellet  a  tt(  ait  au  point 
et  optiaiai  le  fonctionnement  de  la  aoufflerle  R  induction. 

Leur  adaptation  pour  un  fonctionneaent  pcraettant  d'accroftre  le  noabre  de  Reynolds  par  une  diai- 
nution  sensible  de  la  teapdrature  de  I'Scouleaent,  a  conduit  ensuite  3  dtendre  1 'analyte  3  det  cat  oQ  la 
teapdrature  totale  det  jets  aoteurs  ett  senaibleaent  diffdrente  de  celle  de  I'dcouleaent  entraind. 


2,2.  Troape  utilisde  pour  augaenter  la  poussde  des  jeta  -  critdre  de  perforaance. 


Afin  d'illustrer  les  possibilitds  de  cette  aoddlisation  dans  le  cas  d'un  augaenteur  de  poussde, 
on  peut  choisir  un  critdre  siaple  d 'augaentation  de  poussde  ne  prenant  pas  en  coapte  pour  cette  preaidre 
analyse,  les  effets  de  perte  de  charge.  La  trooipe  sera  schdaatisde  d'une  aanidre  identique  3  celle  pro- 
posde  par  B.  QUINN,  REF.  7. 


Si  I'on  suppose  que  la  troape  entraine  un  dcouleaent  qui  se  ddtend  aprds  adlange,  isentropique- 
aent  3  la  pression  ataosphdrique,  on  peut  expriaer  la  pousade  T*  de  cet  enseable  en  function  des  gran¬ 
deurs  Boyennes  (a) . 


fn 


Cette  poussee  F  est  proportlonnelle  au  produit  VTim  et 
d'arret  Pirn.  Si  I'on  ddfinit  alors  la  poussde  convent ionnelle  du  jet  Fj 
alora  exprimer  le  rapport  d 'augmentation  de  poussde  ^  qui  ne  ddpend  plus 
ristiques  de  la  troape. 


fait  intervenir  la  pression 
de  la  meme  aanidre,  on  peut 
que  des  paraadtres  caractd- 


2.3.  Optimisation  theorique  de  I'injecteur  augaenteur  de  poussde. 


L'optiaisation  du  fonctionneaent  de  la  troape  peut  etre  effectude  en  analysant  I'influence 
de  chaque  paramdtre,  en  les  faisant  varier  3  tour  de  r61e,  les  autres  etant  gardds  constants  (voir  PL. 3.1). 

On  s ' intdressera  au  rapport  d'augemntation  de  poussde  et  au  rapport  d 'entraineaent  Ql/Qj. 

Le  cas  considdrd  correspond  3  : 

Fij/Pil  -  1,15  ;  Tij/Til  -  I  ;  Mj  -  0,3  ;  HI  -  0, I  ;  1-25 

On  observe  d'abord  que  les  deux  critdres  d'optimisation  vont  dans  le  meme  sens  pour  tous  les 
paraadtres  sauf  pour  la  tempdrature.  Si  I'on  augments  le  rapport  de  tempdrature,  on  ne  constate  pas  d'ef- 
fet  sensible  sur  1' augmentation  de  poussde  alors  que  le  rspport  d'entrainement  subit  une  grande  augmenta¬ 
tion. 

Le  rapport  de  pression  Fij/Pil  qui  est  lid  au  noabre  de  Mach  du  jet  lorsque  celui-ci  est 
subsonique,  fait  diminuer  les  performances  de  la  trompe  lorsqu'il  augaente.  II  en  est  de  meme  du  noabre 
de  Mach  Hj  du  jet  dans  le  cas  d'un  jet  subsonique,  alors  que  la  tendance  est  inverse  pour  un  jet  super- 
sonique.  En  effet  le  ddbit  Qj  passe  par  un  maximua  pour  Hj  •  I . 

L'effet  du  Mach  HI  semble  natural. 

L'effet  de  1  conduit  3  choisir  des  rapports  de  section  dlevds.  Nous  allons  maintenant  prdsen- 
ter  1 'application  que  nous  avons  faite  d'un  injecteur  en  I'utilisant  conme  moteur  d'une  soufflerie  3 
induction. 


2. A.  Optimisation  thdorique  de  I'injecteur.  Cas  d'une  soufflerie. 


Constituant  le  aoteur  de  la  soufflerie,  I'injecteur  utilise  I'dnergie  stockde  dans  un  rdservoir 
sous  pression,  pour  entrainer  par  des  jets  I'dcoulement  principal. 


II  doit  compenser  les  pertes  de  charge  du  circuit  et  son  optimisation  est,  bien  dvideament,  lide 
dtroiteaent  3  ces  pertes  de  charge.  Le  but  tccherchd  est  de  ainiaiser  le  ddbit  d'air  injectd  ndcessaire 
3  la  rdalisation  d'un  dcouleaent  donnd  dans  la  veine  d’essai,  tout  en  y  assurant  de  bonnes  qualitds  d'dcou- 
leaent. 


Considdrant  le  fonctionneaent  de  la  soufflerie  T2  pour  un  noabre  de  Mach  dans  la  veine  de  I'ordre 
de  0,9,  soit  une  perte  de  charge  de  I'ordre  de  10  Z,  les  caractdristiques  retenues  pour  1 'injection  sont 
les  suivantes  .  Mj  -  I ,6  ;  MI  -  0,6  ;  1  (rapport  des  sections)  -  20  3  40. 
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La  resolution  des  equations  de  la  troope  permeC  alors  de  calculer  le  rapport  des  debits  Qj/Qv 
en  fonction  de  I'un  des  4  parametres  precedents,  les  3  autres  etant  tenus  constants.  Les  resultats  obtenus 
sont  traces  figure  3.2. 

On  observera  I'influence  essentielle  du  rapport  des  temperatures,  t  ■  Tij/Til  ;  on  a  clairement 
interet  d  injecter  de  I'air  chaud  dans  de  I'air  froid  puisque  le  rapport  d'entratnement  Ql/Qj  augmente 
tres  sensiblement  avec  le  rapport  des  temperatures,  se  trouvant  pratiquement  double  entre  t  ■  1 
(Tij  -  T1  ■  300*K)  et  t  -  2,5  (Tij  ■  I2o*,  Til  -  300*).  C'est  bien  cette  propriete  qui  nous  a  conduit  d 
retenir  un  fonctionnement  cryogenique  pour  lequel  I'air  moteur  est  injecte  ^  temperature  ambiante,  le 
ref roidissement  de  I'ecoulement  etant  assure  ensuite  par  Injection  d'azote  liquids  dans  le  circuit. 

En  ce  qui  concerne  Nj,  I'effet  est  bien  plus  faible  et  ceci  reste  vrai  meme  pour  un  rapport  c  de 
I'ordre  de  2,5.  De  plus,  il  est  difficile  d'amor^er  correctement  des  tuydres  lorsque  le  nombre  de  Mach 
de  sortie  est  grand,  si  I'on  ne  dispose  pas  d'une  pression  de  stockage  eievee. 

Le  nombre  de  Mach  Ml  de  I'ecoulement  entraine  doit  etre  choisi  le  plus  eievl  possible,  mais  le 
gain  est  faible  et  nous  sommes  limites  par  la  technologie  de  I'injecteur  qui  bloque  I'ecoulement  pour 
MI  •  0,66. 

On  note  aussi  I'importance  du  rapport  section  melangeur-injecteur  X  ■  Sm/Sj  et  I'interet  d'utiliser 
un  A  eieve.  A  1 'augmentation  du  X  correspond  cependant  une  augmentation  du  Pij/Pil,  done  une  elevation 
de  la  pression  de  stockage  et  des  efforts  aux  Idvres  des  tuyeres  (figure  4).  Ce  rapport  X  est  variable 
A  12,  I'ensemble  de  I'injecteur  €tant  dlvis4  en  7  x  14  tuyeres  supersoniques  A  Mj  ■  1,6,  qui  sont  ali- 
mentSes  par  groupes  de  6  ou  8  tuyeres  ;  le  X  minimum  pour  T2  est  de  20. 

Les  calculs  effectues  avec  les  donnees  actuelles  de  T2  (Ml  ■  0,6,  Mj  ■  1,6),  et  pour  deux  valeurs 
de  X  (20  et  40),  montrent  I'apport  de  pression  d'arret  realist  par  I'injecteur  en  fonction  du  rapport 
de  debit  Qj/QI  (voir  figure  4). 

Le  diagramme  calcule  pour  X  ■  20  et  diff^rents  rapports  t  indique  que  I'apport  de  pression 
APi/Pi  reste  sensiblement  constant,  quel  que  soit  le  rapport  de  temperature,  lorsque  I'on  s'est  fixe  le 
rapport  des  pressions.  La  perte  de  charge  du  circuit  variant  assez  peu  avec  la  temperature,  mais  depen- 
dant  du  Mach,  pennet  en  premiere  analyse  de  dire  que  le  nombre  de  Mach  de  la  soufflerie  en  fonctionnement, 
non  bloque  par  un  col,  depend  essentiellement  du  rapport  Pij/Pil,  quelle  que  soit  la  temperature. 

On  note  aussi  I'interet  d'avoir  un  X  glevS, puisque  pour  une  perte  de  charge  donnee,  Qj/QI 
decroit  lorsque  X  augmente. 

Sur  la  figures  on  a repr^sente  le  domaine  d'utilisation  prevu  pour  la  soufflerie  T2  en  fonction¬ 
nement  cryogenique,  pour  une  perte  de  charge  estimee  de  8  %  correspondent  A  un  nombre  de  Mach  veine  de 
0,8.  On  constate  I'interet  d'avoir  un  X  eieve,  et  I'on  observe  que  I'on  peut  atteindre  un  rapport  d'en- 
trainement  Ql/Qj  superieur  A  dix  pour  Tij/Til  ■  2,5. 


2.5.  Pertes  de  charge  liees  au  systSme  injecteur. 


La  determination  de  la  perte  de  charge  dans  la  zone  de  I'injecteur  est  delicate,  pour  la  raison 
evidence  qu'il  est  difficile  de  la  dissocier  de  celle  du  circuit. 

On  reviendra  plus  loin  A  1 'optimisation  experimentale  de  cette  perte  de  charge  ;  on  peut  cepen- 
dant  faire  dej^  quelques  observations  : 


L' injection  peripherique  est  simple 


... 


A  realiser  et  I'on  peut  facilement  faire  varier  la  section 
d'injection  par  le  calage  des  deux  l^vres.  II  existe 
vraisemblablement  un  angle  optimum  d'injection,  per- 
mettant  d'assurer  avec  un  mllange  assez  rapide  des 
deux  ecoulements  une  diminution  des  frottements  aux 
parois,  ceci  sans  Crop  perdre  sur  la  vitesse  axiale 
d'entrainement  des  jets  (  OC  de  5  A  10*). 

Le  jet  d  la  paroi  transforme  compl^tement  la  couche 
limite  venant  d'amont  ;  on  cr6e  au  niveau  de  I'injec¬ 
teur  une  nouvelle  couche  limite  de  trSs  faible  §pais- 
seur  initiale,  avec  un  maximum  de  vitesse  qui  d^croft 
tr^s  vice  sutvant  I'abscisse,  tout  en  s'§loignant  de 
la  paroi  (voir  figure  1). 


Pour  I'injection  r^partie,  le  melange  s'effectue  plus  rapidement;  le  calcul  de  la  perte  de 
charge  propre  aux  aubages  est  possible  si  I'on  neglige  les  effets  lat^raux.  L'estimation  de  ces  effets 
lat^raux  (effet  de  coin  avec  couches  limites  tridimensionnelles)  est  malheureusement  pratiquement  impos¬ 
sible,  en  particulier  dans  le  cas  ^tudi^  ici,  pour  lequel  les  jets  se  situent  au  bord  de  fuice  des  auba¬ 
ges  du  premier  coude. 


II  est  possible  SgalemenC  de  faire  varier  la  surface 
d'injection  et  la  disposition  des  jets,  la  solution 
retenue  $tanc  de  compartimenter  l'int€rieur  de  cha- 
que  aubage.  On  peut  agir  ainsi  sur  le  profil  des 
vitesses  aprds  melange,  et  attaquer  le  diffuseur 
aval  avec  un  profil  de  vitesse  r^duisant  les  risques 
de  d^collement  dans  le  diffuseur. 


A  -  Alimentation  par  la  partie  centrale 
3  ~  Alimentation  par  les  parties  latSrales 
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3.  CONTROLE  EXPERIMENTAL  :  CAS  D'UNE  SOUFFLERIE  A  INDUCTION. 


3.1.  Installations  T'2  et  T2. 

Une  petite  installation,  reprgsentant  I'£chelle  1/4  de  la  soufflerie  T2,  et  ayant  done  une  veine 
de  10  X  10  cm^  a  d'abord  £td  construite,  en  vue  d'£tudier  et  d'optimiser  le  fonctionnement  de  la  souffle¬ 
rie  i  induction  et  d'aboutir  ainsi  A  la  meilleure  ddfinition  de  la  soufflerie  T2. 

Cette  installation  pilote  T'2  comporte  un  circuit  A  retour  qui  peut  etre  pressurisA  jusqu'A  5 
bars.  DiffSrents  injecteurs  :  injecteurs  pAriphAriques ,  coudes  injecteurs  A  2  et  3  aubes  y  ont  AtA  essayAs. 
On  a  pu  y  analyser  conmodAment  et  systAmatiquement  I'influence  des  diffArents  paramAtres  :  longueur  du 
mAlangeur,  position  de  I'Avacuation,  gAomAtrie  de  I'injection,  etc  . 

Plus  rAcenmenC  la  soufflerie  pilote  T'2  a  permis  d'Atudier  et  d'optimiser  un  fonctionnement  A 
basse  tempArature  ;  le  circuit  a  simplement  AtA  isolA  thermiquement  par  une  mince  couche  de  liAge  recou- 
vrant  tout  I'intArieur  du  circuit  ;  le  refroidissement  de  I'Acoulement  est  effectuA  par  une  injection 
rapide  d'azote  liquide  dans  un  AlAment  situA  iomiAdiatement  aprAs  le  mAlangeur. 


La  soufflerie  T2  qui  reprAsente  done  sensiblement  I'Achelle  1/10  du  projet  proposA  pour  la  grande 
soufflerie  europAenne,  a  une  veine  de  40  x  40  cm^  ;  un  schAma  en  est  donnA  figure  6. 

L'injection  de  I'air  moteur  est  faite  par  le  bord  de  fuite  des  aubes  du  premier  coude  ;  ce  coude 
comporte  7  aubes,  dont  la  forme  a  AtA  particuliArement  soignAe,  en  utillsant  notamsent  une  mAthode  de 
calcul  de  grilles  d'aubes  et  de  couches  limites,  ayant  permis  d'obtenir  des  distributions  de  pression  pour 
lesquelles  11  n'y  a  pas  de  dAcollement. 

Cheque  aube  comporte  A  son  bord  de  fuite  14  tuyAres  d'injection  A  Mj  •  1 ,6  ;  chacune  est  comparti- 
mentAe  intArieurement  de  faqon  A  pouvoir  faire  varier  la  section  d'injection  et  le  rapport  de  sections  \ 
(figure  7). 


3.2.  Optimisation  du  mAlangeur. 

e'est  A  partlr  d'essais  systAmatiques  effectuAs  dans  I'installation  pilote  T'2  qu'ont  AtA  determi- 
nAs  la  configuration  et  le  choix  des  paramAtres,  A  retenir  pour  I'injecteur  de  la  soufflerie  A  induction. 

Les  paramAtres  gAnAraux  (Mj ,  \,  Pij/Pil)  Atant  dAfinis  par  les  Aquations  de  la  trompe,  un  problAme 
pratique  important  reste  celui  du  mAlangeur  et  de  son  optimisation.  Le  choix  d'une  Injection  pAriphArique , 
ou  d'une  injection  rApartie,  effectuAe  alors  par  le  bord  de  fuite  des  aubages  du  premier  coude,  y  apparait 
comme  essentiel. 

Ceci  est  bien  mis  en  Avidence  sur  la  figure  8,  oQ  I'on  montre  une  comparaison  entre  les  meilleures 
performances  obtenues  avec  une  injection  pAriphArique  et  avec  une  injection  par  les  trois  aubages  du  coude 
(il  s'agissait  alors  d'une  injection  sonique,  Mj  ■  I). 

Dans  les  deux  cas,  on  observe  une  longueur  optlmale,  celle  pour  laquelle  est  obtenu  dans  la 
veine  d'essai  le  nombre  de  Mach  le  plus  AlevA.  II  est  clair  que  l'injection  par  les  aubages  du  coude  est 
optimale  pour  une  longueur  de  mAlangeur  nettement  plus  faible  que  pour  l'injection  pAriphArique  ;  le 
rapport  de  la  longueur  optlmale  A  la  hauteur  du  mAlangeur  est  de  I'ordre  de  6  pour  l'injection  pAriphA¬ 
rique,  et  de  I'ordre  de  2  pour  l'injection  rApartie  ;  e'est  en  fait  le  rapport  a  la  distance  entre  deux 
fentes  d'injection  qui  est  devenu  le  pasamAtre  dAtermlnant. 

Notons  que  cette  diminution  de  la  longueur  du  mAlangeur  a  certalnement  contrlbue  assez  sensi¬ 
blement  A  un  gain  apprAclable  sur  le  dAblt  InjectA,  observe  dans  ces  expArlences. 


3.3.  Effet  de  la  section  d'injection. 

L'lnfluence  de  la  section  d'injection  a  AtA  AtudlAe  de  manlAre  systAmatlque  A  la  soufflerie  T2, 
en  falsant  varier  le  nombre  et  la  disposition  des  tuyAres  du  coude  Injecteur. 

Le  nombre  de  Mach  de  I'Acoulement  dans  la  veine  a  AtA  fixe  par  I'amorqage  controlA  d'un  second 
col,  rAallsant  un  petit  domalne  supersonlque  A  M  <  1,2. 

Chaque  aubage  comprend  14  tuyAres  et  peut  etre  alimentA  solt  dans  sa  partie  centrale  (8  tuyAres), 
solt  latAralement  (3  tuyAres  de  chaque  cotA) . 

On  peut,  bien  entendu,  rAaliser  plusleurs  configurations  de  jets  donnant  une  meme  valeur  de 
1  <•  Sm/Sj  ;  certalnes  configurations  conduisent  A  un  mauvals  fonctionnement  aArodynamlque  ;  d'autres, 
assez  satlsfalsantes,  permettent  de  garder  une  perte  de  charge  quasi-constante  et  de  controler  1 'augment 
tatlon  de  Qv/Qj  en  fonction  du  X  (voir  le  haut  de  la  figure  9). 

Un  optimum  apparalt  pour  X  •  29  qui  correspond  aussi  au  rAgime  adaptA  (AgalltA  entre  la  pression 
statique  du  jet  et  celle  de  I'Acoulement  entralnA) ■ 

Pour  les  deux  cas  X  •  29  et  X  -  20,  nous  avons  tracA  les  rmpports  Qv/Qj  et  Plj/Flv  en  fonction  du 
nombre  de  Mach  veine.  Le  rapport  des  dAblts  Qv/Qj  peut  atteindre  8  pour  X  •  29,  alors  qu'.il  est  de  7  pour 
X  -  20. 


3.4.  Effet  du  rapport  de  tempArature  des  jets. 

m  2 

L’effet  de  ce  paramAtre  a  AtA  controlA  cxnArlmentalement  A  la  soufflerie  T'2(velne  de  10x10  cm  ) 
lore  d'essais  cryogAnlques  sans  amorqage  de  col  ;  la  tempArature  d'arrSt  des  jets  moteurs  est  volslne  de 
la  tempArature  amblante  (Tlj  -  283*K  ;  X  -  20  ;  Mj  ~  ltd)  ;  la  tempArature  gAnAratrice  de  I'Acoulement.  , 
entralnA  Til  varle  de  283*K  A  120°K  grace  A  une  Injection  d'aaote  liquide  effectuAe  aprAs  le  mAlangeur  ' 
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Pr^c^deonienti  nous  avlons  constatl  qua  pour  un  nombra  da  Mach  Ml  donn£  at  un  rapport  PlJ/Pil 
fix6t  I'apport  da  prasslon  d'arret  (Plm*Pll)/Pll  dSpendalt  peu  du  rapport  da  temperature  (voir  figure  4). 
Comma  Xa  parte  da  charge  totale  du  circuit  ne  depend  princlpalemant  qua  du  nombra  da  Mach»  on  dolt  an  de- 
duire  qua  la  nombra  da  Mach  valne  reste  sanslblasant  constant,  quel  qua  solt  la  rapport  TlJ/Tll  at  n'est 
lie  qu’a  Plj/Pll, 

Lea  reaultata  axperlmantaox  conflrment  catta  prediction,  coisme  la  montre  la  figure  10  pour  das 
aasala  sans  col  affactues  pour  deux  rapports  da  pression  Pij/Pil  at  pour  Piv  -  1,2  bar. 

Si  nous  traqons  la  rapport  das  debits  Qv/Qj  pour  cat  ensemble  d'essais,  nous  observons  figure  10 
la  decroissanca  da  ce  rapport  lorsqua  Tij/Til  augmanta  ;  ceci  provient  essential lament  da  1 'augmentation 
du  debit  massique  dans  la  veina,  an  raison  da  1 'augmentation  da  la  dansite  du  gaz  antratne  lorsqua  celui- 
ci  est  refroidi. 

Un  calcul  da  trompe  affactue  da  maniera  I  racouper  la  cas  a  tamperatura  ambianta,  restitua 
corractement  catta  tendanca. 


4.  CARACTERISATION  DES  QUALITES  DE  L'ECOULEMENT. 

4.0.  Outre  las  performances  qu'on  y  realise  at  las  nombres  da  Reynolds  qu'on  y  attaint,  un  aspect  essen- 
tiel  d'une  soufflarle  tranasonique  moderne  est  la  quallte  da  I'ecoulemant  dans  la  veina,  dont  il  convlent 
da  reduira  au  plus  faible  niveau  possible  las  fluctuations.  On  s'lnteresse  ici  specialement  aux  fluctua¬ 
tions  da  la  pression  at  da  la  vitessa. 

Lea  exigancaa  telatlvea  au  projet  LEHP.T  etalant  da  ce  point  da  vue  tr^s  severes  ^  ;  alias  corres- 
pondaient  au  spectre  reduit  da  fluctuations  da  pression  statique  presanta  figure  14.  Das  essais  systema- 
tiques  d'optlmlsation  da  la  qualita  da  I'ecoulamanC  ont  du  ainsi  etre  affactues,  afin  d'obtenir  qua  la 
bruit  provenant  assent iellement  das  jets  moteurs  soit  suffisamment  faible,  ceci  dans  une  gamma  da  fre¬ 
quences  pouvant  s'etendre  jusqu'A  40  KHz. 

4.1.  Techniques  da  masure  mises  an  oeuvre. 

Avanc  d'analyser  las  rdsultats  axperlmantaux  obtenus,  il  est  utile  da  donner  quelques  precisions 
sur  las  montages  at  las  capteurs  utilises. 

certain  nombra  da  difflcultes  exparimentales  qui  sont  apparues  dans  la  masure  das  fluctuations 
da  pression, concarnent  princlpalemant  las  aspects  suivants  : 

-  Necassitd  da  disposer  da  capteurs  insansibles  aux  vibrations. 

-  Ndcessite  d'avoir  un  ailment  da  masure  da  faible  dimension,  afin  d'lviter  d'integrer  las  fluc¬ 
tuations  sur  une  surface  trop  Importante. 

-  Obtention  d'une  grande  bande  passatite  (40  KHz)  ;  nicassltd  d'utva  calibration  an  fonction  da 
I'angle  de  propagation  at  da  la  friquence. 

Las  dicails  de  I'ltude  Itant  donnis  dans  une  publication  antlrieure^,  on  an  prisente  ici  las 
aspects  princlpaux. 


(H  hauteur  de  la  veina  ;  U  vitessa 


On  a  Itl  amend  a  utlliser  das  capteurs  Kulite  minia- 
turisds,  de  2  mm  de  diamdtre,  montds  derridTe  un 
petit  orifice  (d  *  0,4  mm)  a  la  parol,  avec  un  volume 
minimum  antra  1 'orifice  at  la  membrane  du  capteur. 

Le  signal  est  numerise  &  une  cadence  H  "  2,5  c 

^  *  *  max, 

une  transformde  de  Fourier  rapide  permettant  d'obtenir 
ensnite  I'dnergie  F  par  bande  de  frdquence  Af  . 

On  utilise  pour  la  reprdsentation  las  variables  rd- 
duites 

n=fH/U  et 

A  i- 

F  (n)  est  ddfinie  par  /  F{n)dn=  p  /q 

''B 

q  pression  dynamique  dans  la  velne  d  essal) . 


i.2.  Analyse  des  fluctuations  de  pression  et  optimisation  des  qualltSs  de  1 'Scoulemdnt . 

Les  premlSrea  mesures  ont  eu  pour  but  de  ddteroiner  les  prlnclpales  sources  de  bruit,  et  la 
faqon  dont  ce  bruit  se  propage  et  s'attdnue  le  long  du  circuit. 

On  a  reprdsentd  figure  11  la  variation  du  niveau  RMS  de  la  fluctuation  de  pression  en  fonction 
de  la  posltlmi  depuls  la  velne  et  Juaqu'au  mSlangeur  (le  niveau  RMS  est  relatlf  IL  une  gamme  de  frequence 
allant  jusqu'g  40  KHa) • 

Get  example  typlque,  mesurA  A  T'2  avec  une  Injection  pCrlphgrlque,  montre  que  la  prlnclpale 
source  de  bruit  est  Svldeoment  la  trompe  d'lnjectlon.  La  fluctuation  de  pression  qu'elle  prodult  s'att^nue 
rapldement  vers  I’av.l,  et  plus  rapldemcnt  encore  vers  I'amont.  Le  bruit  des  Jets  sublt  un  effet  direc- 
tlonnel  qul  dolt  Stre  d'autant  plus  marquC  que  la  vitea.e  de  I'Ccoulement  eat  plus  importante. 
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L#8  mesures  ont  consist^  d'aucre  part  h  relever  le  niveau  moyen  de  fluctuation  dans  la  veine  de 
T'2  en  fonctlon  de  la  presalon  d'lnjectlont  et  pour  dlff^rentes  valeurs  du  rapport  des  sections  1*  Les 
rSsultats  pr^sentds  figure  12  sont  relatlfs  I  une  Injection  pav  les  aubes  du  coude  ;  la  presslon  totale 
de  I'^coulement  dans  la  veine  est  Pll  *  1|2  bar. 

Notons  que  le  nombre  de  Mach  veine  augmente  pour  un  X  donn€  avec  la  presslon  d' injection  Fij,  et 
qu'll  est  d'autant  plus  dlev^  que  X  est  plus  petit. 

On  remarque  qu*une  pointe  de  bruit  se  produit  dans  tous  les  cas  pour  PiJ  ■  3  bars  ;  cette  valeur 
critique  correspond  en  fait  I  I'amorqage  des  tuyeres  de  jets,  auquel  correspond  un  regime  Instable  I 
fortes  fluctuations. 

Lorsque  les  tuyeres  sont  amorcSes,  on  note  encore  une  augmentation  du  niveau  de  bruit  avec  la 
pression  du  jet  ;  le  cas  X  «  20  donne  une  fluctuation  plus  falble,  cecl  £tant  lid  probablement  d  une 
attenuation  des  ondes  remontantes  avec  1 'augmentation  du  nombre  de  Mach. 

La  droite  de  la  figure  12  donne  la  variation  du  niveau  de  bruit  avec  le  nombre  de  Mach  ;  la  pointe 
de  bruit  observee  S  gauche  pour  X  -  AO  et  PlJ  ■  3  bars  apparalt  a  Mv  -  0,A  ;  pour  X  -  20,  elle  apparalt 
a  Mv  *  0,55. 

Afin  de  mieux  caractdriser  le  phenomane,  une  sdrie  de  spectres  de  la  fluctuation  de  pression  ont 
dtd  effectues,  dans  les  deux  configurations  X  ■  20  et  X  *  AO  ;  on  donne  figure  13  les  spectres  obtenus 

ax*  AO,  pour  3  valeurs  du  nombre  de  Mach  veine  :  0,A,  0,55  et  0,65. 

On  observe  qu'ila  presentent  a  priori  une  meme  allure  ggnerale*  d  savolr  un.imaxlmum  a  basse  fre¬ 

quence,  suivi  d'un  plateau  qul  se  termine  par  la  coupure  lide  au  f litre. 

Cependant,  une  pointe  de  bruit  a  haute  frdquence  vlent  se  superposer  trds  nettement  a  Mv  *  0,A, 
c*e8t-a-dlre  I  Pij  *  3  bars,  mettant  alnsi  clalrement  en  evidence  1 'Instabllltd  llee  a  I'amorqage  des 

tuydres  de  jets. 


Des  analyses  experlmentales  systematiques  de  la  fluctuation  de  pression  ont  egalement  dte  effec- 
tudes  pour  I'dcoulement  dans  la  soufflerle  T2,  completees  par  la  mesure  des  fluctuations  de  la  presslon 
totale,  de  la  direction  de  I'dcoulement,  et  des  composantes  u*  et  v'  de  la  fluctuation  de  la  Vitesse. 

Les  spectres  de  la  fluctuation  de  pression  correspondant  a  differentes  configurations  et  pre- 
sentes  figure  lA,  appellant  les  commentaires  sulvants  : 

Les  spectres  obtenus  A  trois  nombres  de  Mach  pour  un  rapport  de  section  X  *  20,  et  sans  amorqage 
d'un  col  sonique  en  sortie  de  veine,  sont  donnes  d'abord  en  haut  de  la  figure  lA. 

On  y  volt  nettement  deux  regions  ^  fluctuations  de  presslon  elevde  : 

-  a  haute  frdquence  (n  >  I  ;  f  >  500  Hz),  1 'augmentation  du  niveau  de  la  fluctuation  est  clas- 
slque,  et  provient  du  bruit  engendrd  par  les  couches  limltes  turbulentes  des  parols  ; 

«2 

-  A  basse  friquence  (n  <  A«10  ;  f  <  20  Hz),  apparalt  de  plus  une  augmentation  importante  du 

niveau  de  la  fluctuation  de  pression  : 

Deux  moyens  ont  alors  it€  mis  en  oeuvre  successlvement,  pour  r^dulre  ce  bruit  3  basse  frequence. 


Dans  une  premiere  operation,  la  veine  a  ^t€  equlp4e  d'un  col  aval,  soigneusement  etudie  pour 
amorcer  un  ecoulement  moderement  supersonlque,  n'augmentant  que  falblement  la  perte  de  charge,  tout  en 
Interdlsant  aux  ondes  acoustlques  en  provenance  de  I'lnjectlon  de  se  propager  jusqu'a  la  veine  d'essai. 
Le  resultat  obtenu  est  deJ3  assez  spectaculaire,  les  courbes  du  milieu  de  la  figure  lA  montrant  que  la 
"bosse"  3  basse  frequence  se  trouve  reduite  de  moitle.  On  notera  que  le  niveau  3  haute  frequence  n'est 
pas  modifll,  ceci  confirmant  qu'll  s'agit  3  haute  friquence  du  bruit  de  couche  limite. 

Dans  une  seconde  operation,  conservant  le  second  col,  on  s'est  attache  a  amellorer  le  fonctlon- 
nement  de  I'injecteur  du  point  de  vue  des  fluctuations  de  presslon  qu'll  produit.  II  est  apparu  que  le 
rapport  des  sections  X  etait  un  paramitre  essentiel.  Un  rapport  X  •  29,  qul  permet  de  ridulre  encore  de 
moitii  le  bruit  3  basse  friquence,  a  flnalement  iti  retenu.  II  reprisente  en  fin  de  compte  un  compromis 
satisfaisant,  permettant  d'obtenir  une  performance  elevie  avec  de  falbles  fluctuations  de  pression  ; 
celles-cl  demeurent  en  fait  pratlquement  comprises  dans  la  zone  ombrie  qul  correspond  aux  spicif ications 
inoncees  pour  le  projet  de  grande  soufflerle  europienne. 


La  figure  15  donne  flnalement,  en  fonctlon  du  nombre  da  Mach  veine,  la  coraposante  longltudinale 
de  la  fluctuation  de  la  vltesse,  mesurie  au  fil  chaud  dans  la  chambre  de  tranqullllsation  et  au  film  chaud 
dans  la  veine  d'essai.  On  volt  que  les  amillorations  apporties  aux  fluctuations  de  pression, ont  permis 
d'obtenir  un  taux  de  turbulence  Infirleur  3  IZ  dans  la  chambre  de  tranqullllsation.  Le  rapport  de  contrac¬ 
tion  conduit  alors  3  un  taux  de  turbulence  de  I'ordre  du  milliime  dans  la  veine  d'essai. 


i 
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SUMMARY 

Ejectors  are  examined  from  the  point  of  view  of  introducing  a  time  dependency  Into  the  flow  to  In¬ 
crease  the  mixing  rate  and  hence  Improve  the  performance  of  very  short  devices.  Some  past  studies  of 
unsteady  flows  related  to  ejectors  are  reviewed  and  a  device  proposed  which  has  the  potential  of  Increasing 
the  mixing  by  means  of  both  an  unsteady  flow  and  also  an  acoustic  Interaction  between  the  frequencies 
generated  by  the  jet  and  the  ejector  shroud.  Standing  acoustic  waves  are  Identified  In  the  ejector  and, 
even  for  a  nozzle  geometry  which  is  not  optimized,  the  short  unsteady  ejector  performance  Is  superior  to 
that  of  a  slot  jet  geometry. 


1 .  INTRODUCTION 

The  use  of  unsteady  flow  to  enhance  ejector  performance  has  been  pursued  by  various  Investigators 
operating  from  different  points  of  view.  Much  of  the  effort  has  centered  on  creating  a  time  dependent 
primary  flow  to  the  secondary  flow  by  normal  (pressure)  forces  rather  than  tangential  (shear)  forces. 

Such  a  transfer  would  be  more  efficient  and  could  be  acccxi^illshed  in  a  shorter  streamwise  distance.  A 
secondary  objective,  still  of  Interest  even  if  the  primary  objective  Is  not  attained.  Is  to  increase  the 
mixing  rate  of  the  primary  jet  so  that  relatively  complete  mixing  Is  accomplished  1n  a  short  streamwise 
distance.  The  advantage  of  complete  mixing  has  been  described  by  Quinn. ^  Bevilaqua^  and  others.  The 
mixing  increase  must  be  achieved,  however,  without  an  exorbitant  Increase  In  primary  nozzle  losses.  A 
comprehensive  review  of  ejectors  has  recently  been  completed  by  Porter  and  Squyers.' 

The  objective  of  the  present  paper  Is  to  outline  briefly  some  of  the  past  efforts  in  unsteady  ejectors 
and  to  highlight  some  current  work  on  unsteady  ejector  components. 


2.  SOME  PAST  UNSTEADY  EXPERIMENTS 

An  early  experiment  on  unsteady  ejectors  was  performed  by  Lockwood"  employing  a  pulsejet  combustor 
similar  to  those  used  In  German  aircraft  In  the  mid  1940's.  The  pulse  consisted  of  a  slug  of  air  which 
passed  through  the  ejector  shroud  In  the  manner  of  a  piston.  An  analysis  of  such  a  system  where  the  pri¬ 
mary  flow  (when  It  Is  on)  completely  fills  the  ejector  shroud  has  been  performed  by  Johnson  and  Yang®  by 
the  method  of  characteristics.  These  results  are  In  reasonable  agreement  with  the  results  of  an  accom¬ 
panying  experiment  and  suggest  the  existence  of  an  optimum  frequency. 

Although  the  concept  of  filling  the  ejector  completely  with  a  slug  of  fluid  is  enticing,  it  1s  not 
entirely  suitable  for  higher  area  ratio  ejectors.  For  such  cases,  Foa®  proposed  a  rotary  primary  jet 
where  the  components  of  the  rotating  nozzle  were  pictured  to  act  like  vanes  of  an  impeller.  The  rotary  jet 
has  been  analyzed  by  Hohenemser  and  Porter'^  and  further  tested  for  application  by  Malse.® 

Various  Investigators  have  examined  different  ways  of  generating  a  time  dependency  In  the  primary 
nozzle  flow.  McCormack,  Cochran  and  Crane®  vibrated  the  jet  nozzle  in  a  transverse  direction.  Binder  and 
Favre-Marinet'®  employed  a  rotating  butterfly  valve  upstream  to  generate  a  pulsing  flow  at  the  exit  of  an 
axl symmetrl c  nozzle.  Flow  visualization  studies  by  Curtet  and  Girard*'  verified  this  structure  and  showed 
that  the  pulsating  flow  resulted  In  a  series  of  vortex  rings.  This  pulsating  jet  was  subsequently  applied 
in  an  ejector  configuration*^  and  Indicated  an  Improvement  In  thrust  augmentation,  especially  for  short 
ejectors.  Unfortunately,  the  thrust  augmentation  In  this  case  was  defined  as  the  Ejector  Thrust/Nozzle 
Thrust  with  a  fixed  total  pressure.  This  definition  does  not  take  into  account  the  nozzle  thrust  efficiency 
nor  any  changes  In  primary  mass  flow  between  the  two  conditions. 

A  fluldically  controlled  rectangular  nozzle  which  produces  a  flapping  jet  was  developed  by  Viets*®  and 
exhibited  a  rapid  half  width  growth.  The  advantages  of  the  fluidic  control  are  the  lack  of  moving  parts 
and  fluid  control  lines.  Detailed  Investigations  of  this  jet*"**®  showed  strong  vortex  Interactions  leading 
to  the  mixing  Improvements.  Vortex  growth  In  driven  unsteady  jets  at  low  Reynolds  Numbers  has  been  shown 
by  Rockwell.*®  Another  nozzle  employing  a  fluidic  Instability  was  developed  by  Hill  and  Green*^  and  consists 
of  a  rapid  expansion  section  In  a  round  duct. 

Sinmons,  Platzer  and  Smith*®  have  examined  the  unsteady  jet  flowfleld  produced  by  an  angular  oscilla¬ 
tion  of  the  Jet  nozzle  Itself  and  have  recently  studied  a  Jet  driven  by  an  embedded  oscillating  vane.*® 

In  addition  to  the  emphasis  on  the  primary  jet  Itself,  some  recent  effort  has  been  directed  at  the 
control  of  wall  boundary  layers  by  unsteady  stimulation^®*^*  which  has  application  to  the  ejector  problem. 
Again  the  aim  Is  to  create  vortex  structures  to  Improve  mixing  and  energize  the  lower  part  of  the  boundary 
layer. 


3.  ACOUSTIC  EFFECTS 

Most  of  the  unsteady  primary  nozzles  described  above  have  considered  the  performance  advantage  of  such 
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nozzles  to  be  basically  due  to  the  Improved  mixing  rate  thereby  produced.  This  Is  valid  providing  the 
thrust  efficiencies  of  the  unsteady  nozzles  are  high  enough  to  make  them  competitive  with  nozzles  such  as 
the  hypermixing  type.**^  If  the  thrust  efficiencies  are  not  sufficiently  high,  the  loss  In  the  primary 
nozzle  cannot  be  overcome  by  a  viscous  mixing  Improvement.  There  Is,  however,  an  alternate  phenomenon 
which  can  be  employed  to  Improve  the  mixing  by  transferring  the  energy  through  normal  (pressure)  forces 
rather  than  tangential  (viscous)  forces  as  discussed  In  Section  1.  The  mixing  can  be  accomplished  by  an 
acoustic  Interaction  between  the  primary  jet  and  the  ejector  shroud,  as  demonstrated  by  Quinn. His 
configuration  consisted  of  an  axisymmetric  duct  and  a  choked  primary  jet,  which  produces  a  strong  screech 
tone  as  shown  by  Powell^’  and  recently  studied  by  Krothapall;,  Baganoff,  Hsia  and  Karamchetl 

The  acoustic  interaction  Is  most  effective  when  the  acoustic  frequency  available  from  the  primary  jet 
Is  well  matched  with  the  fundamental  natural  modes  In  the  duct  shroud.  As  demonstrated  by  Viets,  Campbell 
and  Korkan,^®  a  substantial  difference  In  frequency  between  the  jet  and  the  fundamental  modes  greatly 
reduces  the  acoustic  effect  and  the  resultant  mixing  improvement.  For  a  rectangular  ejector  with  a 
rectangular  primary  nozzle,  matching  the  acoustic  frequencies  becomes  a  problem  If  one  simultaneously 
desires  a  reasonable  high  secondary  to  primary  flow  area  ratio  on  the  order  of  20  -  30.  In  addition,  for 
jet  flows  of  less  than  unit  mach  number  at  the  exit,  there  Is  no  distinct  frequency  generated  but  rather 
a  broad  band  noise.  Therefore,  under  conditions  of  an  unchoked  primary  jet  or  a  choked  primary  in  con¬ 
junction  with  a  larger  ejector  area  ratio,  an  alternate  acoustic  generator  is  required  if  an  acoustic 
Interaction  Is  to  be  provoked. 

One  possibility  for  use  as  an  unsteady  primary  jet  under  these  conditions  is  the  "whistler  nozzle" 
described  In  Reference  17,  since  it  can  operate  at  subsonic  mach  numbers.  The  acoustic  feedback  fluidic 
jet^3  Is  also  a  possibility  if  sufficiently  high  frequency  can  be  generated.  A  rotor  jet  based  on  the 
mechanical  devices  described  in  Refs.  20  and  21  Is  also  a  possible  choice  for  a  primary  and  offers  the 
additional  advantage  of  allowing  a  number  of  primary  nozzles  to  have  not  only  the  same  frequency  but  also 
a  fixed  phase  relationship  and  is  currently  being  studied.  This  Is  also  true  of  a  modified  version  of  the 
acoustic  feedback  jet  nozzle‘s  described  In  Ref.  26  as  a  gust  tunnel  application. 

4.  A  SUBSONIC  ACOUSTIC  GENERATOR 


Still  another  nozzle  which  offers  the  required  acoustic  properties  at  subsonic  exit  velocities  was 
originally  developed  as  a  two  phase  Injector, operating  with  a  liquid  primary  Into  a  gaseous  secondary. 
The  nozzle  has  the  advantage  of  no  moving  parts  and  hence  high  reliability.  Operating  In  a  single  phase 
condition  In  air,  the  nozzle  produces  distinct  frequencies  which  can  be  tuned  both  by  changes  In  the 
nozzle  geometry  and  by  the  operating  conditions.  The  nozzle  schematic  is  shown  in  Figure  1.  The  nozzle 
operation  simply  requires  that  the  jet  attach  to  one  wall  within  the  nozzle  boc(y.  Then  part  of  the  jet  Is 
scooped  off,  fed  back  and  Impressed  on  the  jet  flow  just  downstream  of  the  contraction.  This  causes  the 
jet  to  attach  to  the  opposite  wall  and  the  process  begins  anew.  The  strongly  unsteady  quasl-sinusoldal 
flowfleld  Is  clear  In  Figure  2  which  illustrates  the  two  phase  operation  of  water  flow  Into  air. 

The  remainder  of  this  paper  will  consider  the  flowfleld  generated  by  this  nozzle  and  its  acoustic 
Interaction  with  the  ejector  shroud.  If  the  acoustic  Interaction  Is  substantial,  then  the  nozzle  can  be 
optimized  In  terms  of  scale,  frequency  and  spreading  rate  relative  to  a  particular  ejector  shroud  geometry. 

The  acoustic  Interactions  observed  by  Quinn^^*^®  were  attributed  to  standing  transverse  waves  in  the 
ejector  shroud  due  to  a  tuning  of  the  screech  tones  produced  by  the  choked  jet  to  the  transverse  dimension. 
This  Interaction  probably  causes  the  jet  Itself  to  oscillate.  In  the  present  case,  the  jet  is  driven 
unsteac(y  even  without  an  acoustic  Interaction.  Thus  the  effect  of  the  acoustics  on  the  jet  may  be  rather 
small. 

5.  FREE  JET  ACOUSTICS 

Three  unstea<ly  jets  and  one  slot  jet  were  Investigated  In  this  program.  Two  of  the  unsteady  nozzle 
designs  are  shown  In  Figure  3.  The  primary  difference  between  the  two  designs  Is  the  length  of  the  feed¬ 
back  loop.  The  different  designs  lead  to  a  frequency  difference  of  roughly  a  factor  of  three  at  nozzle 
stagnation  pressure  ratios  of  about  1.15  based  on  ancient  pressure.  Nozzle  3  Is  essentially  the  same 
design  as  Nozzle  2  except  for  a  somewhat  shorter  feedback  loop  which  Increases  the  frequency  by  about  20%. 

In  order  to  correlate  the  flow  Inside  the  oscillating  jet  with  the  acoustic  structure  outside,  hot 
wire  measurements  within  the  jet  were  compared  with  pressurj  transducer  measurements  and  microphone 
measurements  taken  outside  the  jet.  A  Flow  Corp.  (now  Datametrics)  Model  900  constant  temperature  hot 
wire  anemometer  was  employed  Inside  the  jet  and  an  Endevco  Model  8506-2  high  frequency  response  pressure 
transducer  as  well  as  a  B&K  Model  4136  microphone  and  amplifier  system  were  employed  outside  the  jet.  The 
output  from  each  of  the  systems  was  Input  to  a  Hewlett-Packard  Model  3582A  spectrum  analyzer  which  yields 
the  magnitude  as  a  function  of  frequency.  Thus  the  dominant  frequencies  present  In  any  signal  could  be 
easily  determined.  A  typical  spectral  output  for  Nozzle  #2  at  a  stagnation  pressure  ratio  of  1.17  is 
shown  In  Figure  4  as  determined  with  the  Endevco  pressure  transducers. 

The  two  lowest  frequency  modes  present  In  the  flowfleld  of  Nozzle  #2  are  compared  In  Figure  5  as  they 
are  determined  both  1n  the  jet  (hot  wire)  and  out  of  the  jet  (microphone  and  pressure  transducer).  The 
apparent  frequency  steps  In  the  hot  wire  case  are  only  caused  by  the  finite  bandwidth  employed  by  the 
spectrum  analyzer.  The  conditions  Inside  and  outside  the  jet  flow  clearly  Indicate  the  same  frequency 
content.  The  pressure  Is  non-d1mens1ona11zed  with  the  ambient  pressure  while  the  frequency  Is  reduced  to 
a  Strouhal  number  form  by  V/D  (exit  velocity/exit  dimension). 

The  dominant  frequencies  outside  the  jet  flow  are  compared  In  Figure  6  for  the  microphone  and  pressure 
transducer  results.  In  each  case  the  Instrument  Is  located  In  the  exit  plane  of  the  jet  and  at  a  distance 
equal  to  half  the  major  dimension  of  the  ejector  shroud  (In  other  words,  located  at  the  same  position  as 
the  shroud  wall,  when  the  shroud  Is  mounted.) 
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Each  of  the  frequency  modes  A-G  can  be  Identified  and  explained.  Mode  A  is  the  driving  mode  of  the 
jet  oscillation.  Mode  B  is  the  second  harmonic,  being  double  the  frequency  of  Mode  A.  Mode  C  is  very  weak 
In  some  of  the  spectra  it  hardly  appears.  The  fourth  harmonic  is  Mode  E,  while  Modes  F  and  G  are  again 
only  nultiples  of  Modes  E  and  F  respectively.  The  intermediate  Mode  D  can  be  explained  based  on  the  nozzle 
scale.  The  nozzle  is  5  cm  deep  and  the  duct  mode  based  on  this  dimension  and  a  speed  of  sound  of  335  m/sec 
results  in  3311  Hz,  which  is  the  Mode  D.  Since  the  Mode  D,  based  on  the  nozzle  scale  is  so  close  . to  Mode 
C,  the  third  harmonic  of  the  driving  motion,  the  energy  from  Mode  C  appears  to  be  contributing  to  Mode  D 
and  thereby  reducing  its  own  amplitude. 

The  frequency  of  Nozzle  #3  is  increased  over  that  of  Nozzle  #2  as  shown  by  Figure  7.  The  first 
harmonic  exists  at  approximately  1300  Hz  or  a  Strouhal  number  of  .059.  At  higher  pressures,  the  second 
harmonic  clearly  exists  at  approximately  2600  Hz  (i.e.  curve  B)  and  the  third  harmonic  at  curve  D.  The 
intermediate  mode,  curve  C  is  caused  by  the  duct  mode  based  on  the  depth  of  the  rectangular  nozzle,  5.08  cm 
as  was  the  case  in  Nozzle  #2. 

As  the  pressure  is  lowered,  the  frequency  of  Mode  B  rises  while  the  frequency  of  the  duct  Mode  C 
decreases.  The  two  modes  coalesce  by  P  =  1.08.  At  higher  pressures  a  third  harmonic  (Mode  0)  is  evident 
but  weak,  while  at  lower  pressures  a  higher  frequency  value  appears.  The  fourth  harmonic  exists  at  low 
pressures  while  at  higher  values  Mode  E  appears  to  be  the  multiple  of  the  average  of  Modes  B  &  C. 


6.  FREE  JET  FLOWFIELDS 

As  might  be  expected  based  on  previous  flapping  free  jet  experiments  (Refs.  13,  15,  18  &  27),  the 
unsteady  jet  mixes  more  rapidly  with  the  ambient  fluid  than  jets  without  a  time  dependent  driver.  The 

centerline  velocity  decay  and  the  half  width  growth  of  Nozzles  1  &  2  are  shown  in  Figures  8  and  9  respec¬ 

tively  and  are  compared  to  the  two  dimensional  slot  jet  value.  Based  on  the  velocity  decay.  Figure  8, 
there  appears  to  be  a  small  frequency  dependence  showing  improved  mixing  (decay)  as  the  frequency  decreases 
This  result  is  opposed  to  that  of  Reference  19  which  found  a  mixing  improvement  with  frequency. 

The  two  apparently  conflicting  results  can  fit  into  a  coherent  picture  of  the  vortex  growth  in  the 
unsteaoy  jet.  As  clearly  shown  by  Brown^®  and  others,  a  forced  unsteady  jet  leads  to  large  vortex  for¬ 
mations.  For  the  case  of  the  flapping  jet,  these  vortices  have  been  found  by  both  flow  visualization  and 
by  conditioned  sampling  with  a  hot  wire  anemometer. for  low  frequencies,  these  vortices  would  be 
widely  spaced  and  weak  and  exert  little  influence  on  the  entrainment.  Under  these  conditions,  an  increase 
in  frequency  would  improve  the  mixing  properties.  On  the  other  hand,  at  higher  frequencies  there  is  little 

to  be  gained  by  having  the  vortices  even  more  closely  spaced. 

The  effect  of  vortex  growth  may  also  be  seen  in  the  half  width  growth  results  of  Figure  9.  For  each 
frequency,  there  appears  to  be  a  plateau  or  leveling  of  the  half  width  growth  at  a  different  streamwise 
location.  The  most  obvious  case  is  the  frequency  of  980  Hz  and  occurs  at  approximately  13  nozzle  width 
downstream.  For  higher  frequencies,  this  occurs  progressively  farther  downstream  and  for  f  =  3500  Hz 
the  plateau  is  twice  as  far  downstream  as  for  980  Hz.  Apparently  the  near  field  entrainment  depends  upon 
the  frequency.  Brown  has  observed  that  the  vortices  entrain  in  the  near  field  hut  do  not  entrain  external 
fluid  farther  downstream.  Thus  the  plateaus  may  reflect  the  end  of  the  near  field  entrainment  caused  by 
the  vortex  structure. 


7.  DUCT  ACOUSTICS 

A  rectangular  duct  was  chosen  as  the  ejector  shroud  as  shown  in  the  schematic  of  Figure  10.  The 
inside  dimensions  of  the  duct  are  5.1  cm  by  17.8  cm.  The  duct  length  was  varied  during  the  experiment. 

The  longer  transverse  dimension  of  the  duct  was  chosen  to  achieve  resonance  with  a  driving  frequency  of 
approximately  1000  Hz. 

As  described  by  Sued,  et  al.^®  and  employed  by  Viets  et  al.,^^  the  frequencies  of  the  modes  corres¬ 
ponding  to  resonant  transverse  waves  are  related  to  the  speed  of  sound  C  and  the  duct  dimensions  b  and  d 
by  ° 

F^,n  =  T 

where  m  and  n  are  Integer  values. 

If  the  speed  of  sound  is  assumed  to  be  335  m/sec  (1100  ft/sec),  then  the  frequencies  corresponding  to 
some  particular  resonant  modes  are  shown  below  for  duct  dimensions  5.1  cm  by  17.8  cm. 

m  n  F(Hz) 

1  0  946 

2  0  1887 

3  0  2833 

0  1  3289 

0  2  6578 

1  1  3422 

2  1  3791 

It  should  be  noted  that  these  values  do  not  take  into  account  the  flow  in  the  duct  nor  any  real  fluid 
or  real  wall  effects.  Actual  resonant  frequencies  are  expected  to  approximate  these  values  but  are  not 
precisely  equal  to  them. 
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In  order  to  test  the  duct  acoustics,  white  noise  (produced  by  a  General  Radio  Type  1390  A  Random  Noise 
Generator)  was  introduced  at  the  duct  inlet  and  the  resulting  acoustic  levels  measured  at  the  exit  plane  of 
the  duct  (located  at  L/D  =  6.1).  A  typical  spectrum  of  the  acoustic  output  on  the  duct  exit  centerline  is 
shown  in  Figure  11a.  The  clearly  defined  peaks  indicate  a  response  of  the  duct  to  those  frequencies.  Cali¬ 
bration  of  the  level  of  the  white  noise  source  shows  that  the  peaks  between  150  and  400  Hz  are  exaggerated 
out  of  proportion  due  to  the  fact  that  the  input  levels  are  high.  The  lowest  transverse  resonant  frequency 
was  shown  to  be  approximately  946  Hz.  The  peaks  between  400  Hz  and  the  lowest  transverse  frequency  are 
attributed  to  the  organ  pipe  modes  described  by  Morse  and  Ingard,^'  which  have  a  lowest  mode  of  150  Hz 
(for  this  length). 

If  the  acoustic  measurements  are  taken  off  the  duct  centerline,  even  to  the  point  of  reaching  the  far 
wall  location,  the  peaks  between  400  and  900  Hz  are  not  greatly  affected  as  seen  in  Fig.  lib.  This  is 
consistent  with  their  dependence  on  the  duct  length.  However,  the  modes  near  the  1000  Hz  transverse  reso¬ 
nance  value  do  vary  with  transverse  position  as  might  be  expected. 

To  test  the  longitudinal  modes,  the  end  of  the  duct  is  filled  with  sound  absorbing  foam  which  should 
eliminate  the  organ  pipe  mode  by  not  allowing  reflections  of  the  waves.  That  this  is  accomplished  is  seen 
in  Figure  11c  (with  the  microphone  inserted  through  the  foam)  especially  in  comparison  with  Figure  11a.  It 
is  interesting  that  there  remains  a  small  peak  at  990  Hz  (remember  that  the  apparent  low  frequency  modes 
are  caused  by  the  input  signal. 


8.  TRANSVERSE  WAVES 

The  overall  objective  of  the  oscillatory  duct  flow  is  to  examine  the  transverse  wave  structure  to  see 
if  such  waves  are  actually  generated.  High  frequency  response  Endevco  transducers  are  mounted  in  the  duct 
walls  at  a  streamwise  position  equal  to  two  duct  dimensions  (35.6  cm).  The  output  signals  are  fed  to  a 
Hewlett-Packard  Model  3582A  Spectrum  Analyzer  which  decomposes  the  signal  into  its  frequency  components. 

(a)  Resonance  in  a  long  duct,  X/D  =  6.1,  Nozzle  #2 

The  variation  of  each  component  magnitude  across  the  duct  is  shown  in  Figure  12  for  Nozzle  #2, 
having  a  lowest  harmonic  frequency  approximately  equal  to  the  anticipated  transverse  resonant  duct 
frequency.  The  first  harmonic,  1060  Hz,  produces  a  standing  wave  of  a  half  wavelength  with  a  node 
at  the  center.  The  second  harmonic  yields  an  entire  wave  with  two  node  points.  The  third  and  fourth 
harmonics  are  very  consistent  with  1  1/2  and  two  waves  respectively. 

The  same  procedure  applied  across  the  short  side  of  the  rectangular  duct  yields  the  result  of 
Figure  13  which  clearly  shows  that  the  standing  wave  structure  is  not  a  function  of  that  direction. 

Taking  the  same  pressure  measurements  at  an  upstream  position,  X  =  .28  (near  the  ejector  inlet), 
and  decomposing  the  signals  into  their  frequency  components  results  in  Figures  14  and  15.  The 
structure  of  the  first,  second  and  fourth  modes  are  similar  to  the  downstream  structure  (Figures  12 
and  13)  except  for  several  data  points  near  the  center  of  the  duct.  This  discrepancy  is  caused  by  the 
primary  jet,  which  has  a  high  velocity  at  that  streamwise  location  and  interferes  with  the  pressure 
measurement.  An  additional  discrepency  between  the  upstream  and  downstream  modes  is  shown  in  the  two 
third  (3200  Hz)  modes.  The  problem  is  resolved  by  the  fact  that  3200  Hz  is  the  transverse  duct  mode 
corresponding  to  the  nozzle  depth  as  was  discussed  in  relation  to  the  free  jet  modes.  Figures  6  and  7. 

(b)  Resonance  in  long  duct,  X/D  =  6.1,  Nozzle  #1 

The  spectra  developed  by  the  pressure  traverse  of  the  duct  at  S/D  =  2  downstrriam  exhibit  a  strong 
peak  at  the  primary  frequency  of  Nozzle  #1,  3300  Hz,  as  shown  in  Figure  16.  Based  on  the  results  of 
Figure  12,  a  waveform  of  1  1/2  waves  is  expected  at  the  3300  Hz  frequency.  However,  only  a  full  wave 
is  found.  There  may  be  an  effect  due  to  the  nozzle  duct  frequency  which  is  almost  equal. 

The  next  substantial  wave  structure,  at  7800  Hz,  shows  no  definite  pattern.  However,  if  the 
resonant  frequency  of  the  longer  transverse  dimension  of  the  duct  is  1060  Hz  (from  Figure  12),  a  corres¬ 
ponding  resonance  in  the  short  duct  dimension  is  3700  Hz.  The  7800  Hz  frequency  is  roughly  double  that 
value,  so  one  might  expect  a  waveform  similar  to  that  of  the  2120  Hz  case  in  Figure  12,  but  in  the 
short  dimension.  That  is  indeed  a  possible  waveform  as  seen  in  Figure  17. 

At  frequencies  of  10,300  and  15,500  Hz,  higher  order  mode  shapes  are  possible.  The  former  could, 
for  example,  correspond  to  the  mode  M  =  5,  n  =  2  while  the  latter  may  correspond  to  M  >  5,  n  =  2.  Of 
course  as  the  order  of  the  modes  increases,  it  is  more  difficult  to  determine  the  precise  modes  since 
the  spectrum  becomes  very  crowded  with  possible  modes.  From  the  point  of  view  of  the  unsteady  ejector, 
the  higher  order  modes  are  really  of  less  interest  because  they  are  expected  to  contain  less  energy. 

(c)  Resonance  in  long  duct  X/D  =  6.1,  Nozzle  #3 

The  lowest  dominant  frequency  for  this  nozzle,  1300  Hz,  effectively  produces  resonance  in  the 
duct  according  to  Figure  18  and  verified  by  the  uniform  magnitude  in  the  other  direction.  Figure  19. 

The  next  appreciable  wave  is  at  4640  Hz  and  is  not  a  harmonic  of  the  first  mode  but  is  related  to 

both  duct  dimensions.  From  Figures  18  and  19,  M  =  2  and  n  =  1.  The  calculated  frequency  for  this  mode 

structure  is  3791  Hz,  which  is,  of  course,  for  the  zero  flow  condition. 

The  6000  Hz  case  does  not  indicate  a  clear  wave  shape.  It  is  a  mixed  mode  depending  on  both 

transverse  dimensions  and  is  almost  a  combination  of  the  lower  frequencies.  It  may  be  a  result  of  an 
oscillation  among  several  modes  which  exist  near  this  frequency.  Additional  minor  mode  peaks  exist  at 
higher  frequencies  and  there  it  becomes  increasingly  difficult  to  distinguish  between  modes. 
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Thus,  when  the  forced  ostniation  Is  near  the  resonant  frequency.  It  achieves  a  manner  of  reso¬ 
nance  which  Is  not  as  strong  as  it  would  be  if  the  frequency  were  better  matched.  It  does,  however, 
produce  similar  pressure  waves. 

(d)  Resonance  in  shorter  ducts 

The  standing  waves  described  above  appear  even  for  very  short  ejector  shrouds.  The  transverse 
waves  in  an  ejector  of  length  equal  to  its  major  width,  i.e.  L/D  =  1,  are  shown  in  Figure  20  driven 
by  nozzle  *Z.  The  mode  structure  is  essentially  the  same  as  in  Figure  12  and  shows  the  same  primary 
nozzle  interference  as  in  Figure  14. 

9.  MASS  AUGMENTATION 

In  order  tc  examine  the  overall  performance  of  the  ejector,  the  mass  augmentation  of  the  device  was 
determined  by  integrating  the  exit  velocity  profiles  and  dividing  by  the  primary  mass  flow  as  determined 
by  the  venturi  measurement.  The  mass  flow  ratios  are  shown  in  Figure  21  as  a  function  of  ejector  length 
for  the  slot  nozzle  and  three  different  oscillating  nozzles.  The  actual  levels  of  mass  augmentation  are 
not  significant  because  the  nozzles  have  not  been  optimized  in  terms  of  thrust  efficiency  and  spreading 
rate  relative  to  the  duct  size. 

The  trends  in  mass  flow  ratio  show  that  for  a  long  ejector  the  use  of  unsteady  flow  in  general  and 
acoustic  interaction  in  particular  is  not  warranted,  the  loss  in  nozzle  thrust  efficiency  suffered  by  the 
unsteady  jets  has  overpowered  any  mixing  and  acoustic  advantages.  However,  for  shorter  ejectors,  the 
performance  does  not  deteriorate  as  rapidly  with  length  for  the  oscillating  jets  as  compared  to  the  slot 
jet.  It  is  for  these  very  short  ejectors  that  the  unsteady  effects  discussed  here  are  expected  to  be  of 
significance. 

The  monotonic  decrease  in  performance  with  decreasing  length  is  only  interrupted  at  a  length  of  2.1 
shroud  widths.  This  position  will  be  examined  in  greater  detail  but  the  preliminary  indications  are  that 
there  is  no  strong  streatiwise  organ  type  of  resonance.  That  is,  there  is  a  coherent  streamwise  wave  but 
it  is  not  greater  in  magnitude  than  the  wave  which  exists  for  a  duct  length  of  L/D  =  3. 

10.  CONCLUSIONS 


Unsteady  ejectors  clearly  exhibit  some  performance  advantages  which  make  them  attractive  for  very 
short  duct  geometries.  The  basic  problems  are  to  design  the  primary  nozzles  with  small  losses  in  thrust 
efficiency  while  retaining  high  reliability. 


In  terms  of  the  driven  acoustic  interaction  experiment,  the  results  are  encouraging.  Standing  trans¬ 
verse  waves  can  be  created  in  the  ejector  duct  with  a  subsonic  primary  jet.  The  performance  of  such  a 
device  remains  to  be  optimized.  In  particular,  the  design  of  the  nozzle  geometry  must  take  into  account 
not  only  the  matching  of  the  duct  geometry  to  the  frequency  but  also  simultaneously  matching  the  spreading 
rate  to  the  duct  geometry.  In  order  to  accomplish  this  result,  preliminary  nozzle  experiments  are  required 
to  determine  the  frequencies  and  spreading  rates  of  a  number  of  various  designs.  From  these  a  design  can 
be  chosen  which  satisfies  both  the  acoustic  and  mixing  requirements. 
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Figure  I.  Schematic  of  the  nozzle  operation. 


Magnitude 


Figure  2.  Two  phase  operation  of  Nozzle  1,  water  flow  into 
air. 


Figure  3a.  Geometry  of  Nozzle  1. 


Nozzle  2  dimensions  in  miiiimeters 

Figure  3b.  Geometry  of  Nozzle  2. 


Figure  4.  Frequency  spectrum  of  Nozzle  2. 
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Figure  8.  Velocity  dec^y  for  unsteady  jet  flows. 
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Figure  12.  Pressure  level  distributions  of  the  lower 

frequency  components  (taken  at  X/D  =  2,  across 
the  longer  duct  width).  Nozzle  2,  L/0  =  6.1. 
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Figure  13.  Pressure  level  distributions  of  the  lower 

frequency  components  (taken  at  X/D  =  2,  across 
the  shorter  duct  width).  Nozzle  2,  L/D  *  6.1. 
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Figure  14. 

Pressure  level  distributions  of  the  lower 
frequency  components  (taken  at  X/0  =  .28,  across 
the  longer  duct  width).  Nozzle  2  L/D  =  6.1. 
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Figure  15.  Pressure  level  distributions  of  the  lower 

frequency  components  (taken  at  X/D  =  .28,  across 
the  shorter  duct  width).  Nozzle  2,  L/D  •  6.1. 
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SUNHARY 


The  influence  of  pulsating  or  flapping  motions  forced  on  the  primary  jet  on  the  performance  of  thrust 
augmenting  ejectors  has  been  investigated  experimentally.  The  effect  of  the  frequency  and  the  amplitude  of 
the  forced  perturbations  was  determined  for  various  mixing  duct  lengths  and  diffusor  geometries.  Themixing 
duct  to  jet  area  ratios  were  9  and  20  in  the  pulsating  and  flapping  case  respectively. 


In  constant  area  ejectors  the  improvement  in  thrust  augmentation^  over  the  performance  obtained 
with  a  steady  jet  in  the  same  geometry  increases  with  decreasing  duct  length.  Thus,  with  a  total  length  of 
only  ONE  duct  width  1.2  could  be  obtained  with  unsteady  jets  whereas  1  in  the  steady  case.^  was 
further  improved  by  the  gain  in  diffusor  pressure  recovery  produced  by  the  unsteady  jets.  Maximum  augmen¬ 
tations  of  1.9  and  1.65  were  obtained  with  pulsating  and  flapping  jets  respectively  as  compared  to  1.35 
and  1.5  in  the  steady  case. 

These  improvements  in  ejector  performance  are  mainly  due  to  the  faster  mixing  produced  by  these  jets. 
NOMENCLATURE 
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flapping  angle 

pulsating  amplitude 

blowing  pressure  ratio  (Fig. 2) 

diameter  or  width 

diffusor  effectiveness 

frequency 

length 

pressure 

radius 

Reynolds  number 
area  flm 

Strouhal  number 
thrust 

velocity  fluctuation 
velocity 

angular  deflection  of  jet 
thrust  augmentation  ratio 

density 

overall  efficiency 

ratio  of  total  to  primary  mass  flow  rate 


O  TE/Tj 


Subscripts 


j  jet 

Ja  jet  discharging  into  ambiant 

m  mixing  duct 

d  d1 f f usor 

E  ejector 

t  total 

1  mixing  duct  entrance 

Superscript 


(  ) 


space-time  average 


1.  INTRODUCTION 


Reduction  in  take-off  and  landino  distances  of  aircraft  requires  larger  thrust  to  weight  ratio  in 
order  to  increase  respectively  acceleration  and  deceleration  during  these  stages  of  flight.  Since  ejectors 
are  simple  and  rugged  devices  which  permit  to  augment  the  thrust  produced  by  a  given  power  plant,  espe¬ 
cially  at  low  forward  speed,  their  application  to  V/STOL  is  very  appealing.  Unfortunately  thrust 
augmenting  ejectors  tend  to  be  cumbersome  which  is  a  major  handicap  for  aeronautical  applications.  There 
is,  however,  no  inherrent  theoretical  impossibility  which  precludes  reduction  in  size  or  better  perfor¬ 
mance  or  even  both  together.  The  search  for  such  improvements  has  motivated  a  number  of  investigations 
and  in  particular  the  present  work. 

Ejectors  are  also  quite  interesting  from  a  basic  point  of  view  because  of  the  essential  role  played 
by  turbulent  mixing  and  entrainment.  In  the  ideal  case  of  uniform  velocity  distributions  in  the  primary, 
secondary  and  exit  streams  the  thrust  augmentation  <fe  may  simply  be  expressed  in  terms  of  the  mass  flow 
ratio  V  and  the  energy  efficiency  by 

is  the  percentage  of  kinetic  energy  dissipated  into  heat  in  the  apparatus.  The  thrust  augmenta¬ 
tion  is  defined  here  as  the  ratio  of  the  total  thrust  of  the  ejector  aiviueo  by  the  thrust  of  the  jet 
discharging  into  the  atmosphere,  the  generating  pressure  head  of  the  jet  being  kept  constant. This  relation¬ 
ship  although  only  qualitatively  correct  underscores  the  necessity  to  maximize  the  entrainment  and  to 
minimize  the  dissipation  in  order  to  produce  better  thrust  augmentation.  How  these  mechanisms  can  both  be 
affected  in  the  desired  direction  by  manipulating  the  turbulence  is  by  anymeansa  trivial  question.  Neither 
do  we  know  the  answer  to  the  question  :  what  is  the  optimal  entrainment-dissipation  within  certain  size 
restrictions  ?  Moreover,  at  the  present  time  there  exists  no  theory  either  which  could  provide  reliable 
guidance  towards  this  goal. 

In  the  work  presented  here,  we  have  attempted  to  manipulate  the  turbulence  by  forcing  time-dependent 
perturbations  on  the  main  jet  and  we  have  explored  the  effects  on  thrust  augmentation. 

2.  THE  DOUBLE  ROLE  OF  MIXING  RATE  ON  THRUST  AUGMENTATION 

In  ejectors  composed  of  a  constant  area  mixing  chamber  followed  by  a  diffusor  the  mixing  rate  between 
the  primary  jet  and  the  secondary  stream  plays  an  essential  role  in  both  ducts.  The  secondary  flow  is 
sucked  into  the  ejector  because  of  the  depression  in  the  entrance  section.  The  flow  rate  of  the  secondary 
stream  (V'-l)  and  therefore  the  thrust  augmentation  depend  also  directly  upon  this  depression  which 
results  from  the  turbulent  mixing  in  the  constant  area  duct  and  from  the  pressure  recovery  in  the  diffusor. 

The  integrated  momentum  equation  shows  that  in  the  constant  area  duct  the  downstream  pressure-rise 
and  the  wall  friction  force  are  balanced  by  the  momentum  loss.  Such  a  loss  at  constant  mass  flow  can 
only  result  from  the  diminishing  non-uniformity  of  the  transverse  velocity  profile  also  from  the  turbulent 
mixing  of  the  jet.  As  the  jet  spreads  further  into  the  secondary  stream  with  distance  downstream  the 
profile  becomes  more  uniform  and  the  friction  force  increases.  After  the  jet  has  spread  to  the  duct  wall 
the  gain  in  profile  uniformity  is  slower  and  smaller  and  the  momentum  loss  is  not  even  sufficient  to 
compensate  the  increase  of  the  friction  force.  This  occurs  for  a  length  of  approximately  5  Dm  for  a 
steady  core  jet  (Fig.  1).  For  a  constant  area  ejector  driven  by  such  a  jet  the  maximum  depression  at  the 
inlet  and,  therefore,  the  maximum  thrust  augmentation  is  consequently  obtained  for  a  duct  length  of  about 
5  Dm.  This  optimal  length  can  be  reduced  if  the  mixing  rate  can  be  enhanced  and  simultaneously  may  be 
slightly  improved  due  to  a  smaller  value  of  the  friction  force. 

It  may  be  useful  to  recall  some  quantitative  results  of  constant  area  ejectors.  The  largest  possible 
thrust  augmentation  given  by  one  dimensionel  calculations  is  =  2  for  an  infinitly  large  area  ratio  if 
there  is  perfect  mixing  and  no  friction.  For  an  area  ratio  of  A  =  10  the  calculated  value  is  0=  1.47 
and  measured  values  are  between  1.3  and  1.4  (1). 

The  general  purpose  of  a  diffusor  is  to  produce  a  pressure  rise  as  efficiently  as  possible.  If  a 
diffusor  is  fixed  behind  the  mixing  duct  of  an  ejector  its  pressure  recovery  is  added  to  the  depression 
generated  by  the  mixing.  \»'and<^are  therefore  increased.  The  gain  is  even  more  important  than  the  one 
resulting  from  the  simple  addition  of  the  separate  pressure  recoveries  because  there  is  also  less  dissipa¬ 
tion  due  to  the  smaller  velocity  difference  between  the  primary  and  secondary  streams.  Contrary  to  the 
result  for  the  constant  area  ejector,  there  is  no  upper  limit  for  the  computed  value  of for  an  ejector 
with  diffusor  provided  the  diffusor  effectiveness  e  -  ratio  of  the  actual  to  the  ideal  pressure  recovery  - 
remains  high  at  l^rge  values  of  the  diffusor  outlet  to  inlet  area  ratio.  The  beneficial  effect  of  the 
diffuscjr  on  <f>  fails  off  rapidly  to  zero  as  e  decreases  from  1  to  0.5.  For  instance  for  an  ejector 
with  an  overall  area  ratio  of  10  ^drops  from  2.38  to  1.88  to  1.47  (value  for  the  constant  area  ejectorj 
when  e  decreases  from  0.95  to  0.90  to  0.5.  Very  high  values  of  ,  say  <p>  2,  can  therefore  only 
be  produced  with  excellent  diffusors. 

A  necessary  condition  for  high  diffusor  effectiveness  is  the  absence  of  separation.  Diffusor  stall  is 
very  sensitive  to  the  shape  of  entrance  velocity  profile  especially  to  low  velocities  near  the  wall.  But 
this  is  precisely  what  occurs  in  an  ejector  with  a  core  jet  when  the  flow  at  the  end  of  the  constant  area 
duct  is  not  completely  mixed.  Thorough  mixing  between  the  primary  and  secondary  stream  is,  therefore,  also 
crucial  for  good  diffusor  performance. 

Diffusor  effectiveness  incorporates  not  only  effects  of  kinetre  energy  dissipation  but  also  of  velocity 
non-uniformities.  High  effectiveness  requires  furthermore  a  high  degree  of  uniformity  in  the  exit  velocity 
profile.  The  figures  quoted  above  indicate  that  such  uniformity  should  be  realized  and  not  only  unseparated 
flow  if  thrust  augmentations  larger  than  two  are  pursued.  However,  a  positive  pressure  gradient  acts  in 
the  opposite  sens  since  it  accentuates  velocity  differences.  In  order  to  maintain  good  homogeneity  of  the 
velocity  in  the  diffusor  against  the  action  of  the  pressure  gradient  turbulent  mixing  must  be  maintained 
therein.  It  has  recently  been  demonstrated  (2)  that  free  stream  turbulence  of  a  minimum  scale  and  intensity 
improves  diffusor  performance.  One  way  to  maintain  active  turbulent  mixing  in  the  case  of  the  diffusor  is 
to  have  an  entrance  profile  with  sufficiently  steep  gradients  to  sustain  Intense  turbulence  production. 


But  with  a  centra!  jet  this  would  mean  low  velocities  near  the  wall  and  therefore  separation.  Theavoidance 
of  separation  and  the  production  of  persistant  mixing  in  the  ejector  diffusor  lead  also  to  conflicting 
requirements. 


The  recognition  that  mixing  plays  a  crucial  role  in  ejector  performance  has  lead  several  investigators 
to  manipulate  the  turbulence  in  order  to  enhance  the  mixing  rate.  This  has  effectively  been  tried  by  use 
of  multiple  jets  (3)  ,  swirl  (4)  ,  hypermixing  nozzles  (5)  or  a  combination  of  these  in  particular 
multiple  hypermixing  nozzles  (6).  BERTIN  (7)  and  fOA  (8)  pointed  out  that  turbulent  entrainment  is 
inherently  a  very  dissipative  process  and  attempted  to  produce  entrainment  by  normal  pressure  forces 
rather  than  by  the  turbulent  shear-stress,  the  former  by  compression  waves  and  the  latter  by  swirling 
fluid  sheets  (“vaneless  turbopump").  The  first  idea  is,  of  course,  only  applicable  in  high  speed  compressi¬ 
ble  flow.  The  second  one  seems  to  suffer  from  the  large  turbulent  production  produced  by  swirl. 

The  objective  of  the  present  research  was  to  investigate  the  effect  on  thrust  augmentation  of 
unsteadiness  forced  on  the  jet  such  as  pulsations  or  flapping.  The  investigation  of  free  pulsating  or 
flapping  jets  undertaken  simultaneously  in  our  laboratory  showed  that  they  spread  faster  than  steady  jets 
(9,  10,  11).  A  beneficial  effects  of  unsteadiness  on  ejector  performance  could  thus  be  expected.  Since 
quantitative  predictions  of  such  turbulent  flows  are  presently  beyond  reach  the  extend  of  these  effects 
could  only  be  ascertained  experimentally. 

3.  APPARATUS.  FLOW  CHARACTERISTICS.  EXPERIMENTAL  PROCEDURE 

3.1  Flow  Loop. 

The  jets  were  generated  with  the  following  set-up  : 

-  an  inlet  caisson  with  dust  filtres  and  cooling  radiators  designed  to  maintain  the  jet  temperature  equal 
to  ambiant  temperature  to  +  0.5“C.  The  purpose  of  these  provisions  was  to  facilitate  the  measurement 
with  hot  wire  anemometers. 

-  a  centrifugal  blower  giving  0.5  m^  discharge  with  a  head  of  80  mm  of  water 

-  control  valves 

-  a  settling  caisson  (cross-section  60  x  60  cm)  with  grids  and  a  honey  comb  to  produce  uniform  flow 

-  a  terminal  contraction. 


3.2  Ejectors. 


The  geometric  characteristics  of  the  jets  and  ejectors  tested  are  sunmarized  on  Fig.  1. 

3.3  Pulsating  jet. 

A  pulsating  jet  may  be  defined  by  a  velocity  at  the  nozzle  exit  having  a  fixed  direction  and  a  modulus 
varying  periodically  in  time.  Such  a  jet  was  generated  by  a  butterfly  valve  inserted  between  the  caisson 
and  the  nozzle.  There  is  a  4  :  1  contraction  between  the  caisson  and  the  pulsator  and  between  the  pulsator 
(dia.  160  mm)  and  the  terminal  nozzle  (dia.  80  mm).  This  valve  is  driven  by  a  variable  speed  motor  which 
imposes  the  frequency. 


Typical  flow  conditions  were  : 
jet  mean  velocity  :  5  <  Vj  <  20  m/s 

jet  pulsations 

r.m.s.  relative  amplitude  :  a 


^j  "^j  .o4 

Reynolds  number  :  Re  = - 


frequency  : 


10  4f  4  50  hz 


60% 

Strouhal  number  :  St 


0  ^St  4  0.6 


St  =  0  evidently  corresponds  to  the  steady  jet. 

3.4  Flapping  jet. 


A  flapping  jet  is  characterized  by  an  exit  velocity  Vj  having  a  constant  modulus  and  a  direction 

varying  periodically  about  the  mean  flow  direction  Ox.  If  ^  is  the  angle  between  V.  and  Ox,  then  for 

J 

instance  ;  =  A  sin(2  nr  f^  We  call  the  amplitude  A  the  flapping  angle. 


The  flapping  motion  ii  produced  by  making  use  of  the  COANOA  effect  as  in  fluidic  switching  amplifiers. 
Essential  in  the  design  ofjUnozzle  (Fig.  2)  are  the  two  cylindrical  surfaces  to  which  the  jet  may  attach 
producing  thus  an  angular  deflection.  If  the  radius  of  curvature  of  these  surfaces  is  approximatly  equal 
to  the  width  of  the  jet  it  may  be  blown  off  from  the  surface  to  which  it  is  attached  by  a  small  control 
jet.  Since  the  main  jet  cannot  stay  in  the  middle  it  flips  over  to  the  other  surface.  The  same  process 
repeated  alternatively  on  each  cylinder  produces  the  flapping.  Alternate  periodic  blowing  is  generated 
with  a  cylindrical  double  valve  (Fig.  2)  in  which  one  port  is  open  while  the  other  one  is  blocked.  This 
valve  is  driven  by  a  variable  speed  motor.  The  flapping  angle  A  increases  with  the  ratio  Cp  *  Pjj/Pj  • 

The  influence  of  various  geometrical  and  dynamical  parameters  on  the  flapping  angle  is  described  in  (12). 


Typical  flow  conditions  are  : 
jet  mean  velocity  Vj  »  23  m/s 


Reynolds  number  Re  »  1.6.10^ 


_ 1 
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flapping  motion 

optimum  blowing  pressure  1  4  2 

angle  4  4  A  ^8° 

3.5  Measurements  of  thrust  augmentation 

Thrust  augmentation  is  defined  as 
_  total  thrust 


(thrust  of  jet), 

d 


Tt 


-2 

optimum  frequency  f  »•  20  hz,  St  ar  iO 
blowing  discharge/main  jet  discharge 


(1) 


4  to  8  i 


The  index  a  specifying  that  the  jet  exhausts  into  the  ambiant  air.  This  may  also  be  written  : 


^  .  (thrust  on  ejector)  +  (thrust  of  jet)  _ 
^  ■  (thrust  of  jet) 


Tja 


(2) 


Now 


Tja  = 


Sj 


v2 

ja 


and  T . 


v]  ^  Pi) 


Pj  being  the  pressure  in  the  ejector  inlet  section 
=  since 

262  2 


and 


!l 

e 


=  0 


(3) 


(4) 


<^may, therefore,  be  written  in  the  form 
0-1=5.  (5 

where  5  =  Tr/T.  .  This  relationship  shojjs,  clearly  the  contribution  of  the  thrust  exerted  on  the  ejector 
^  2  2  2 

to  the  thrust  increase  (0-  1).  Since  V  ,  and  even  ''*  <  WlO  most  practical  situations  -  this 

was  the  case  in  all  the  present  experiments  -  it  is  seen  that  the  dominant  contribution  to  ( 0  -  1)  comes 
from  the  force  exerted  on  the  ejector.  The  second  term  in  (4)  is  only  a  correction  to  B  -  at  most  equal 
to  B /4  -  due  to  the  increase  in  mass  flow  of  the  primary  jet. 


This  relationship  was  also  useful  in  the  present  work  because  it  shows  that  0  may  be  entirely 
determined  from  the  measurement  of  the  thrust  on  the  ejector  and  the  velocities  of  the  jet  blowing  into 
the  mixing  duct  Vj  and  of  the  secondary  stream  Vj^  according  to  equations  (3).  No  measurements  are  also 

needed  of  the  jet  discharging  into  the  ambiant  atmosphere.  This  proved  especially  convenient  with  the 
pulsating  jet  because  it  would  have  been  difficult  to  obtain  the  same  pulsation  amplitude  with  and  without 
the  ejector. 


In  the  pulsating  case  Tr  was  measured  directly  on  the  thrust  bench,  the  ejector  duct  being  fixed 
to  the  floating  beam  (see  below)  ;  Vj  and  Vj  were  measured  with  a  hot  wire  anemometer.  Traverses  provided 

the  data  for  space  averaging  and  time  averaging  was  performed  with  an  integrating  voltmeter.  It  should  be 

"TT 

emphasized  that  because  of  the  large  pulsation  amplitudes  ;  V.  =  V.  +  u^.  A  V.  , 
typically  Vj  a;  1.3  Vj  .  Vj  determined  by  measuring  V-  and  u^  . 

J  J 


The  thrust  bench  (Fig.  3)  consists  of  a  floating  beam  supported  at  both  ends  by  two  steel  foils  fixed 
to  a  rigid  frame.  The  elastic  deflection  of  these  foils  is  proportional  to  the  force  applied  to  the  beam  ; 
it  was  about  0.1  mm/N  and  was  optically  amplified  4000  tiroes  to  facilitate  the  measurements. 

Independent  checks  made  by  measuring  the  momentum  flux  at  the  ejector  exit  showed  that  the  preceeding 
method  gave  values  of  0  -  1  about  8  to  10  %  too  low.  The  results  reported  here  are  also  rather  underesti¬ 
mated  values  of  0. 


With  the  flapping  jet  ejector  the  above  procedure  gave  poor  results  because  of  non  uniformity  in  the 
spanwise  direction  and  because  of  the  unknown  pressure  distribution  on  the  nozzle.  The  total  thrust  was 
then  measured  directly  by  the  force  exerted  by  the  exhausting  momentum  flux  on  a  plate  perpendicular  to  the 
ejector  axis.  The  plate  (1.80  x  2.20  mm)  was  fixed  to  the  beam  of  the  thrust  bench.  Tj^^  and  T^  were  both 

measured  in  this  way.  The  presence  of  the  mixing  duct  did  not  appreciably  affect  the  flapping  so  that  the 
same  conditions  were  easily  maintained  with  or  without  ejector. 

The  measurement  of  the  deflection  produced  by  the  force  on  the  thrust  bench  was  improved  by  using  a 
capacitive  displacement  transducer  (sensibility  better  than  l;»m).  The  electrical  transducer  output  also 
facilitated  the  time  averaging  of  thrust  which  fluctuates  considerably  especially  when  the  ejector  has  a 
diffusor. 

4.  RESULTS  AND  DISCUSSION 

4.1  Pulsating  jet  ejectors 

Tests  were  performed  for  different  mixing  duct  length  Lm  =  1  to  9  Dm,  with  six  different  conical 
diffusors  (see  Fig.  1)  and  for  different  frequencies  of  pulsation.  In  order  to  limit  the  number  of  test 
cases  the  measurements  for  a  given  Lm  were  begun  with  the  constant  area  ejector  and  then  diffusors  of 
increasing  area  ratio  were  added.  The  sequence  was  stopped  once  0  decreased  with  respect  to  the  previous 


i 


I 


I  I 
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geometry  since  the  optimum  value  was  passed.  The  detailed  results  for  the  ejectors  Lm  =  b  and  1  Dm  only 
are  presented  here  (Fig.  4  and  5)  but  they  are  the  most  significant.  Augmentations  for  Lm  >  5  Dm  were 
smaller  than  for  Lm  =  5  Dm  in  any  case.  On  Fig.  4  and  5  is  plotted  vs  Strouhal  number  for  various 
diffusor  geometries,  the  first  number  in  the  bracket  on  each  curve  indicating  the  value  of  the  half  angle 
and  the  second  one  the  length  is  used  as  length  scale  for  the  diffusor  to  conform  to  common 

usage) .Values  of ^ on  the  ordinate  axis  correspond  to  the  steady  state  case. 


It  should  be  stressed  that  is  the  thrust  ratio  due  to  jets  produced  by  the  same  head  and  with 
identical  pulsation  frequency  and  amplitude.  The  reference  value  of  with  a  pulsating  jet  is  also  the 
thrust  of  the  corresponding  free  pulsating  jet  and  NOT  that  of  the  steady  jet.  Otherwise  the  comparison 


would  have  been  unfair  since 


is  appreciably  larger  than  when  the  amplitude  is  large. 


4.1.1.  Ejectors  Lm  =  5  Dm 


It  is  observed  on  Fig.  4  that  of  the  constant  area  ejector  Lm  =  5  Dm  (symbol  :  +)  increases  from 
1.32  to  1.45  when  the  jet  is  pulsating  at  frequencies  corresponding  to  Strouhal  numbers  between  0.05  and 
0.35.  The  decrease  in  gS  at  higher  frequencies  is  due  to  a  decrease  in  amplitude.  This  gain  in  4>  is  solely 
due  to  the  faster  mixing  produced  by  the  forced  pulsations  as  expected  from  the  previous  measurements  in 
free  jets  (9).  =  1.45  is  close  to  maximum  value  quoted  above  for  constant  area  ejectors  with  =  9. 

Diffusors  added  to  the  mixing  duct  produce  a  decrease  in  from  1.35  to  1.28.  This  proves  that  the 
flow  separates  in  the  diffusors.  There  is  a  loss  in  because  there  is  a  slight  pressure  drop  in  the 
diffusor  necessary  to  push  the  flow  through  it.  This  result  was  not  surprizing  since  the  selected  diffusor 
geometries  were  at  the  limit  or  in  the  region  of  stall  on  the  performance  chart  for  even  smaller  profile 
non- uniform! ties  than  the  one  reached  at  the  end  of  a  5  Dm  mixing  duct  (13) 

The  most  spectacular  result  of  Fig.  4  is  the  Jump  of  cp  from  1.28  to  values  between  1.7  and  1.88 
with  the  diffusor  (5,8)  when  the  frequency  of  pulsation  is  increased  from  0  to  St  =  0.05.  Several  tests 
at  different  velocities  have  been  performed  with  this  geometry  ( circled  values  indicate  the  velocity). 

The  longer  diffusor  with  the  same  angle  gave  augmentations  of  about  1.60  and  the  7°  diffusors  gave  augmen¬ 
tations  between  1.60  and  1.70.  Since  the  performances  with  other  mixing  ducts  were  smaller,  the  geometry 
Lm  =  5  Dm  with  a  diffusor  (5,8)  is  thus  not  far  from  optimal.  An  independant  check  of  was  performed 
with  this  geometry  by  measuring  the  exit  velocity  profile  along  four  diameters  and  by  computing  the 
momentum  flux  therefrom.  The  integration  yielded  =  2.02  also  a  value  somewhat  higher  than  the  one 
obtained  from  direct  thrust  measurements. 


It  is  remarkable  that  the  maximum  effect  of  the  pulsation  is  obtained  at  a  Strouhal  number  of  only 
0.05.  Indeed,  the  results  with  free  pulsating  jets  (9)  show  the  maximum  effect  on  the  mixing  rate  is 
produced  at  St  =  0.2  -  0.3.  This  difference  in  behaviour  is,  however,  not  contradictory  if  the  life  time 
of  the  pulsation  is  taken  into  consideration.  This  time  or  the  distance  downstream  over  which  the  forced 
perturbation  subsists  increases  with  decreasing  frequency.  For  St  “  0.3  this  distance  is  about  12  Dj  or 
4  Dm.  At  a  frequency  St  =  0.05  there  must  hence  subsist  an  appreciable  pulsation  amplitude  at  the  diffusor 
entrance  which  is  able  to  maintain  active  mixing  therein.  This  argument  is  also  consistent  with  the  observed 
fact  that  the  largest  gain  in  due  to  the  pulsations  comes  from  the  improvement  of  the  diffusor  pressure 
recovery. 

4.1.2.  Ejectors  Lm  =  Dm 

With  a  very  short  mixing  duct  Lm  *  1  Dm  the  thrust  augmentation  is  1  whatever  the  diffusor  (Fig.  5) 
when  the  jet  is  steady.  This  duct  is  too  short  to  allow  any  significant  entrainment  to  be  produced  inside 
and  the  diffusors  are  attacked  by  pure  jet  flow  which  fully  separates.  By  contrast  the  performances  with 
the  pulsating  jet  are  quite  remarkable.  Not  only  is  there  an  augmentation  of  1.18  reached  with  just  the 
mixing  duct  -  with  a  total  length-ONE  diameter  i  -  but  the  diffusors  improve  the  performance  to  =  1.42. 
To  obtain  appreciable  pressure  recovery  in  the  diffusors  after  such  a  short  mixing  duct  was  quite  unexpected. 
These  thrust  augmentation  results  prove  that  separation  is  delayed  by  the  vigorous  turbulence  produced  by 
the  forced  pulsations. 

It  is  observed  that  the  5°  -  diffusors  perform  better  than  the  1^  -  ones  and  that  the  shorter  ones 
do  better  than  the  longer  ones.  This  shows  that  7°  is  more  of  an  angle  than  the  pulsating  jet  can  fill. 
Furthermore  it  shows  that  the  diffusors  (5,6)  and  (7,3)  are  at  the  limit  of  stall  or  partially  stalled  since 
added  length  deteriorates  the  performance.  It  would  have  been  interesting  to  test  shorter  5°-diffusors  or 
diffusors  with  smaller  divergence  angles  in  order  to  find  the  optimal  geometry  but  this  would  have  required 
other  ducts  which  unfortunately  were  not  available. 

Contrary  to  the  behaviour  of  with  Lm  •  5  Dm,  here  it  increases  monotonically  with  Strouhal  number. 
This  may  be  explained  by  the  increased  influence  of  pulsation  with  Strouhal  number  on  the  initial  develop¬ 
ment  of  the  jet. 

4.1.3.  Best  performances  vs  total  length 

The  best  thrust  augmentations  vs  total  length  L^ -for  all  geometries  tested  are  summarized  on  Fig. 6  - 
Comparison  of  the  results  obtained  with  steady  and  pulsating  jets  in  constant  area  ejectors  show  that 
forced  pulsations  : 

-  increase  the  maximum  value  of  0  from  1.33  to  1.46 

-  improve  0  for  any  duct  length  but  especially  in  short  geometries.  Thus  the  thrust  gain  due  to  the 
ejector  (|J  -  1)  passes  from  0  to  0.16,  0.05  to  0.29,  0.17  to  0.38  for  the  respective  lengths  of 
1,  2  and  3  Dm. 

It  may  also  be  noted  that  the  2  Dm  long  pulsed  ejector  produces  almost  the  same  0  as  the  5  Dm. long  steady 
one,  0  =  1.29  as  compared  to  1.33. 


Diffusors  improved  performance  only  when  the  jet  was  pulsed  except  for  a  slight  gain  in  the  steady 
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case  for  Lm  -  9  Dm.  The  gain  in  thrust  due  to  pulsation  for  a  given  length  is  approximately  0.2  for  up 
to  5  Dm.  There  after  this  gain  grows  since  <p  decreases  in  the  steady  case  while  it  increases  with  length 
in  the  unsteady  case  up  to  Lj  =  9  Dm  where  ep  reaches  the  highest  value  of  about  1.9. 

4.2.  Flapping  jet  ejectors 

The  improved  and  simplified  measurement  technique  developed  for  the  flapping  jet  ejectors  allowed  the 
gathering  of  more  extensive  data.  With  the  two-dimensional  geometry  it  was  on  the  other  hand  also  possible 
to  vary  the  diffusor  angle  continuously  so  that  for  every  mixing  duct  and  diffusor  length  the  optimum  angle 
could  be  determined  exactly.  Moreover  the  flapping  angle  could  be  varied  very  easily  by  adjusting  the 
blowing  pressure  (12).  For  each  geometry  the  optimal  flapping  motion  was  then  determined. 

Preliminary  tests  showed  that  the  best  thrust  augmentations  were  obtained  at  rather  low  frequencies 
of  10-20  hz  and  low  blowing  pressures  except  with  wide  angle  diffusors  so  that  only  a  limited  range  of 
frequencies  and  blowing  pressures  had  to  be  explored  in  order  to  find  the  optimal  conditions. 

Fig.  i  and  8  show  the  thrust  augmentations  for  total  ejector  lengths  of  7  and  3  Dm  vs  diffusor 
divergence  angle.  In  each  case  several  combinations  of  mixing  duct  and  diffusor  lengths  were  tested.  The 
first  number  in  the  bracket  corresponds  to  the  length  of  the  constant  area  mixing  duct  and  the  second  one 
to  the  length  of  the  diffusor.  The  points  on  the  ordinate  axis  are,  of  course,  those  of  the  constant  area 

ejector  Lm  =  Lt  .  The  representation  <^>  vs  S  has  the  advantage  of  showing  the  optimal  diffusor  angle  for 

a  given  combination  of  Lm  and  L^  as  may  clearly  be  seen  on  Fig.  7  and  8. 

4.2.1.  Ejectors  L^  =  7  Dm 

The  most  striking  result  of  Fig.  7  is  the  improvement  of  thrust  augmentation  due  to  the  forced 
flapping  of  the  jet.  The  best  results  in  the  steady  and  unsteady  cases  are  respectively  1.48  and  1.65. 
Actually  for  any  given  geometry  <p  is  always  higher  with  the  flapping  jet. 

The  gain  in  ep  is  mainly  due  to  the  better  efficiency  of  the  diffusor  since  for  the  constant  area 
ejector  <p  rises  only  from  1.42  to  1.45  when  jet  is  forced. 

The  maximum  <p  in  either  steady  or  unsteady  case  are  nearly  independent  of  the  (Lm,  L.)  combina¬ 

tion  and  are  reached  for  rather  low  values  of  0  .  Even  the  ejectors  with  no  constant  area  mixTng  duct 
yield  a  maximum  <p  comparable  with  the  others.  Actually  it  is  the  largest  value  in  the  steady  case.  Hence, 
there  must  be  active  turbulent  momentum  mixing  in  these  diffusors.  The  sharp  distinction  between  mixing 
duct  and  diffusor  which  was  stressed  in  the  introductory  remarks  on  mixing  is  also  rather  artificial 
although  convenient  for  the  sake  of  clarity.  There  is  a  pressure  rise  due  to  mixing  in  both  but  in  the  diffu¬ 
sor  there  is  an  additional  pressure  rise  induced  by  the  diverging  geometry.  Since  in  the  steady  case  there 
is  only  a  slight  gain  in  ^  (from  1.42  to  1.45  and  1.48)  produced  by  the  diffusors  it  may  be  concluded 
that  the  divergence  pressure  recovery  contributes  very  little  to  the  total  pressure  rise. 

<p  =  1.65  is  the  largest  thrust  augmentation  obtained.  The  corresponding  flapping  motion  was 
A  =  3.5°  f  =  20  hz  1  the  blowing  pressure  was  p  =  32  mm  (a:  generating  pressure  of  main  jet)  and  the 
mass  flow  of  the  blowing  was  4  %  of  the  main  jet  .flow. 

4.2.2.  Ejectors  L^  =  3  Dm 

The  improvement  in  <p  due  to  the  forced  flapping  is  here  again  quite  striking.  The  maximum  value 
rises  from  1.35  to  1.57.  This  latter  value  compares  very  favorably  with  the  maximum  <p  =  1.65  obtained 
for  Lj  =  7  Dm  with  an  ejector  which  is  more  than  twice  in  length.  The  forced  flapping  is  also  quite  inte¬ 
resting  for  the  short  geometries. 

Comparison  between  the  steady  and  unsteady  results  shows  a  large  gain  already  for  the  constant  area 
ejectors  (  cp  increases  from  1.35  to  1.49)  due  to  the  faster  mixing  produced  by  the  flapping  according 
to  expectations  from  the  free  jet  behaviour  (11).  In  the  steady  case  there  is  no  pressure  recovery  gained 
by  the  divergence  as  proven  by  the  nearly  monotonic  deterioration  of  (p  with  0  for  the  three  geometries. 
When  the  jet  is  forced  there  is  a  modest  gain  in  <p  when  the  ejector  has  at  least  a  short  constant  area 
duct. 

4.2.3.  Best  performances  vs  total  length 

For  constant  area  ejectors  the  maximum  value  of  ^  is  only  increased  from  1.45  to  1.49  by  the  forced 
flapping  (Fig.  9)  but  the  length  is  reduced  by  50  %  (3  urn  instead  of  6  Dm)  an  important  factor  in  aeronauti¬ 
cal  applications. 

In  this  geometry  thanks  to  the  possibility  to  increase  the  diffusor  angle  continuously,  it  was  possible 
to  observe  a  gain  in  <p  due  to  the  diffusors  with  the  steady  jets.  But  this  gain  is  only  appreciable  for 
long  ejectors  6  Dm.  When  the  jet  is  forced  diffusors  improve  <p  as  soon  as  Lj>  2  Dm.  The  maximum*^ 

observed  is  1.65  also  lower  than  with  the  pulsating  jet  despite  a  larger  area  ratio  (A  =  20  as  compared 
to  9.15) . 

Particularly  interesting  is  the  good  performance  obtained  with  short  geometries.  Thus  for  L^  =  3  Dm 
preaches  already  a  value  of  1.56  while  doubling  the  length  produces  only  a  increase  to  1.65. 

Comparison  with  the  pulsating  case  shows  that  grows  faster  with  L^,  and  is  higher  up  to  Lj,=  5  Dm 

when  the  jet  is  subjected  to  forced  flapping  but  then  it  levels  off  rapidly.  The  performance  of  the  pulsa¬ 
ting  ejector  on  the  contrary  continues  to  increase  up  to  L^  =  9  Dm. 
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5.  CONCLUDING  REMARKS 

These  experiments  show  that  manipulations  of  jet  turbulence  and  mixing  rate  by  forced  pulsations  or 
flapping  motions  produce  important  improvements  in  ejector  thrust  augmentations.  Gains  with  respect  to 
steady  jet  performances  are  especially  remarkable  in  short  geometries  and  with  diffusors.  Only  in  the 
forced  cases  is  there  an  appreciable  or  even  large  pressure  recovery  produced  by  the  diff':'.r  r  divergence. 

The  thrust  augmentations  considered  here  do  not  take  into  account  losses  or  power  requirements  of 
the  unsteady  jet  generation  and  should  therefore  not  be  confused  with  overall  efficiency.  It  is  not 
claimed  that  pulsating  or  flapping  jet  ejectors  produce  higher  thrust  for  given  total  power.  It  is  only 
shown  that  the  forcing  produces  faster  and  more  energetic  mixing  and  permits  to  recover  at  least  some  of 
the  potential  pressure  rise  of  the  diffusor  divergence.  These  improvements  are  a  necessary  but,  of  course, 
not  a  sufficient  condition  for  practical  applications. 

The  valve  used  to  create  the  pulsating  jet  was  certainly  very  inefficient.  Moreover,  the  kinetic 
energy  of  the  pulsating  jet  is  larger  than  that  of  the  steady  jet  with  the  same  mean  velocity.  The  evalua¬ 
tion  of  the  overall  energy  efficiency  is  not  even  attempted  in  this  case. 

The  cost  of  the  flapping  generation  is  approximately  the  flow  bleeded  from  the  main  jet  for  the 
control  blowing.  This  was  about  4  ii  of  the  main  jet  discharge  for  typical  optimal  flapping  motions 
(Ps  =  Pj).  For  the  L^  =  3  Dm  case,  increases  from  1.38  to  1.56.  With  =  -  0.04  and  itp-  *  0,18 

the  relationship  1.  =  ^  T.^  yields  upon  differentiation  AT^/T.,  =  +  0,12.  There  is  also  a  12  %  overall 

t  '  Jd  t  jd 

gain  in  thrust  for  the  same  power  input. 

In  this  investigation  no  effort  was  devoted  to  the  development  of  more  efficient  generating  devices 
which  of  course  does  not  preclude  the  possibility  of  more  efficient  designs  based  on  other  ideas. 

Resonnance  effects  could  for  instance  be  used  to  produce  pulsations  and,  on  the  other  hand,  the  generation 
of  self  flapping  jets  by  using  feedback  as  in  fluidic  oscillators  is  a  real  possibility  (14,  15). 
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PULSATING  JET 


ETUDE  EXPERIMENTALE  D’UN  DEVIATEUR  DE  JET 


M.  LEPRETRE  C.  PORTIER 

Soclete  BERTIN,  BP  3,  PLAISIR  78370  Fr. 
RESUME 


Un  module  probatoire  de  dispositif  adrodynamique  d'orlentatlon  du  vecteur  poussde  d'un 
rdacteur  a  dtd  mis  au  point  en  exploltant  les  propridtds  de  recollement  d'un  Jet  sonIque 
ou  falblement  supersonique  sur  une  surface  ddvlatrlce  plane  ou  courbe  convenabi ement 
disposde  en  aval  du  plan  de  sortie  de  la  tuydre. 

L’dtude  paramdtrlque  effectude  a  fourni  des  rdsultats  trds  encourageants  montrant  qu'11 
dtalt  possible,  avec  des  solutions  simples,  d'obtenir  des  taux  de  ddviatlon  Importants 
sans  perte  exagdrde  de  la  poussde  rdsultante  :  un  tel  systdme  peut  dtre  mis  i  profit 
solt  pour  amdilorer  la  manlabllltd  en  combat  solt  pour  rdallser  un  apparell  STOL. 

Le  dispositif  alnsi  ddfinl  se  caractdrise  par  une  grande  simpllcltd.  1e  recollement  du  Jet 
s'avdrant  spontand  et  stable  dans  tniit  1e  domalne  explord.  sans  requdrir  la  mise  en  oeuvre 
de  systdmes  annexes  tels  que  soufflage  ou  aspiration. 


SUNMART 


An  aerodynamical  device  of  a  Jet  engine  thrust  vectoring  has  been  developed  on  a 
probatory  model . 

For  that  purpose,  a  sonic  or  slightly  supersonic  jet  Is  reattached  on  a  reverser  surface, 
plane  or  curved,  suitably  placed  downwards  a  nozzle  outlet. 

A  parametric  study  has  been  made.  Important  reverse  rates  can  be  obtained  without  a 
drastic  loss  of  the  resultant  thrust.  Such  a  device  can  be  used  to  Improve  the  manoeu¬ 
vrability  In  fight  or  to  realize  a  STOL  aircraft. 

Defined  In  that  way,  this  device  Is  very  simple  : 

In  fact  the  Jet  reattachment  Is  spontaneous  and  stable  all  over  the  explored  domain 
and  does  not  need  any  extra  system  such  as  blowing  or  suction. 


NOTATIONS 


Paramfetres  gfeomfttrlques  : 

D^  dlamdtre  au  col  de  la  tuyAre 

D  dIamAtre  en  sortie  de  tuyAre 

L  longueur  du  dAvlateur 

R  rayon  de  courbure  du  dAvlateur 

X  marche  longltudlnale  entre  dAvlateur  et  plan  de  sortie  tuyAre 

y  marche  transversale 

H  hauteur  de  la  cavltA 

1  longueur  du  flasque 

d  Acart  entre  llmite  supArleure  du  flasque  et  axe  tuyAre 

J  Jeu  longitudinal  entre  flasque  et  plan  de  sortie  tuyAre 

e  Jeu  radial  du  flasque  par  rapport  au  dIamAtre  de  sortie  tuyAre 

Og  angle  d'attaque  du  dAvlateur 


k.  I 
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ParawStres  physiques  : 


M  nombre  de  Mach  en  sortie  de  tuyire 

V  Vitesse  locale  de  1 'dcoulement 

p  masse  spdciflque  locale 

p  presslon  statique  locale 

Pg  presslon  gfindratrlce  de  I'dcoulement 

p.  presslon  atmosphfirlque 

O 

Y  coefficient  polytropique  des  gaz 

r  courbure  locale  de  1'6cou1ement 


Performances  : 

poussfie  axiale 
F^  poussSe  latdrale 

F^q  poussfie  axiale  sans  deviation 

I  -  INTRODUCTION 


Parmi  1es  qualltes  demanddes  aux  avions  de  combat  des  nouvelles  generations,  la 
manoeuvrabi 1 1 te  en  combat  et  la  capacite  de  decollage  et  d'atterrissage  court  figurent 
en  bonne  place.  La  mise  au  point  d'un  systeme  adequat  d'orlentatlon  du  vecteur  poussee 
constitue,  de  ce  fait,  un  objectif  prlvliegie. 

Dans  1e  premier  cas,  11  s'agit  de  fournir  i  I'appareH  les  moments  de  manoeuvre 
compi emental res  necessalres  d  son  evolution  i  forte  Incidence,  configuration  dans  1a- 
quelle  cette  fonctlon  ne  peut  etre  assuree  par  la  seule  aerodynami que  externe  ;  dans  1e 
second,  on  demande  au  systeme  de  deilvrer,  S  basse  vltesse,  une  part  significative  des 
efforts  de  portance  requis  pour  1e  decollage  ou  1 ' atterri ssage  sur  des  plateformes  de 
dimensions  restreintes  ;  terrain  sommalrement  amenage  ou  porte-avlons . 

L'etude  exploratoire  presentee  Id  avalt  pour  but  la  realisation  d'un  modeie  simple 
de  devlateur  permettant  d'orlenter  la  poussee  en  exploltant  les  proprietes  du  recollement 
d'un  jet  sur  une  parol  courbe  et  en  s'attachant  J  conserver  la  geometrle  des  tuyeres 
de  revolution  i  section  variable  actuellement  developpees. 

Le  dispositif  preconise  permet  done  de  s'affranchir  des  probiemes  poses  par  1'emplol 
de  tuyeres  aplatles  dont  le  Jet  bldimenslonnel  se  prete  blen  e  la  deviation  mals  qui 
Impllquent,  du  fait  de  leur  complexite,  des  coOts  de  devel oppement  considerables. 

Les  essals,  effectues  au  point  fixe  sur  des  maquette  S  echelle  redulte,  ont  permis 
de  verifier  la  falsablllte  du  prIncIpe  et  de  s'assurer  du  reallsme  de  la  solution  tant 
sur  le  plan  fonctlonnel  que  technologi que,  le  recollement  etant  spontane  et  stable  et 
1 ' archl tecture  extrlmement  rustique. 

Les  niveaux  de  poussee  laterale  fixes  par  les  specifications  etalent  de  15  X  de  1a 
poussee  axiale  nomlnale  dans  la  premiere  application  (manoeuvrablllte)  et  de  60  %  dans 
la  seconde  (STOL)  ;  dans  le  premier  cas,  la  perte  de  poussee  resultante  maximale  etalt 
fixee  a  5  X. 

2  -  PRINCIPE  DE  FONCTIONNEMENT 


Le  prIncIpe  mis  en  oeuvre  resuite  de  1 'adaptation  au  cas  particuller  des  reacteurs 
d'avlon  de  travaux  de  recherche  entrepris  depuls  de  longues  annees  a  la  Societe 
BERTIN  a  Cle  sur  les  probiemes  de  recollement  de  jets  supersoniques  et  qui  ont  abouti 
notamment,  en  collaboration  avec  la  Societe  des  Engins  MATRA,  a  la  conception  d'un 
systeme  de  pilotage  original  applicable  a  des  petIts  missiles  (Ref.  I). 

Le  dispositif  est  represente  schematiquement  sur  la  Figure  1. 

II  comporte  principalement  une  surface  deflectrice  denommee  devlateur,  disposee  en 
aval  du  plan  de  sortie  de  la  tuyere  de  maniere  a  manager,  par  rapport  i  celul-cl,  une 
marche  descendante  dans  le  sens  de  1 'ecoulement,  de  largeur  X  et  de  hauteur  Y  ;  a  ce 
devlateur  sont  associes,  de  part  et  d'autre,  deux  flasques  lateraux  de  forme  et  de 
dimensions appropriees  formant  avec  1u1  un  canal  bldimenslonnel  ouvert,  au  sein  duquel 
s'organise  1 'ecoulement. 

Lors  de  la  mise  en  route  apparatt  un  regime  transitoire  au  cours  duquel  le  jet 
provoque,  par  entralnement  visqueux,  une  depression  au  niveau  de  la  marche  ;  de  ce  fait, 
un  desequillbre  se  trouve  cree  entre  les  presslons  regnant  de  part  et  d'autre  de  1 'ecou¬ 
lement  par  allleurs  canalise  par  les  flasques. 


II  en  rSsulte  un  basculement  du  jet  ;  celui-ci  recolle  sur  le  d^vlateur,  entretenant 
alnsi  la  depression  Initlale  dans  la  zone  morte  qui  s'etabllt  a  I'aplomb  de  la  marche 
od  rdgne  un  courant  de  recirculation. 

Pour  que  le  phenomene  solt  stable,  11  Importe  alors  que  1 'angle  d'attaque  du  jet 
sur  le  ddvlateur  et  la  courbure  de  celul-cl  soient  convenablement  cholsis,  de  manldre 
i  evlter  1e  ddcollement  au  point  d'lmpact  lie  a  1 ' Interaction  onde  de  choc  -  couche 
llmite  et  i  assurer  tout  le  long  du  devlateur  1'equlllbre  centrifuge  du  jet. 

Cette  condition  d'equIUbre  centrifuge  est  approchee  theorl quement  i  partir  de  la 
^  .  R - 5 - 

I  u5(Uj"  -  1)  ‘  ^ 

expression  dans  laquelle  les  Indices  1  et  2  correspondent  respecti vement  aux  llmltes 
exterleure  et  Interleure  du  jet,  avec  ; 


n  -  i  -  I 

Ce  rayon  est  ensulte  optimise  par  des  essals  sur  des  devlateurs  encadrant  la  valeur 
nomlnale. 

L'angle  d'attaque,  pour  sa  part,  est  determine  de  maniere  empirique  en  falsant  varler 
pas  i  pas  le  parametre  a^. 

3  -  MOYENS  D'ESSAIS 

Les  essals  sont  realises  en  deux  etapes  :  dans  un  premier  temps,  on  optimise  le 
rayon  et  l'angle  d'attaque  du  devlateur  i  1'alde  d'essals  fonctlonnels  au  cours  desquels 
on  evalue  la  stablllte  du  recollement  par  des  releves  de  presslon  sur  des  prises  regu- 
lierement  reparties  dans  le  plan  de  symetrle  du  systeme  ;  ensulte,  on  precede  i  1'optl' 
■Isatlon  des  autres  parametres  au  moyen  d'essals  de  performances  sur  une  balance  d  deux 
composantes . 

Dans  chacun  des  cas,  les  essals  sont  realises  au  point  fixe,  en  gaz  frolds,  par 
raffales  et  sans  ecoulement  externe. 

Le  schema  de  prIncIpe  de  la  balance  utlllsee  est  represente  figure  Z. 

L'ensemble  pese  se  compose  d'une  boutellle  en  alllage  leger  frette  (40  dm^/ZOO  bar), 
d'une  el ectro-vanne  et  d'un  detendeur  d  dSme  pllotable  d  distance  raccorde  directement 
d  la  maquette  ;  11  est  suspendu  au  chSssIs  au  moyen  de  deux  cdbles  autorlsant  le  llbre 
deplacement  longitudinal  et  transversal. 

La  boutellle  est  remplle  prealablement  d  I'essal  d  partir  d'un  cadre  d'azote. 
L'eiectrO'vanne  (2  voles)  montee  sur  la  boutellle  assure  1'lsolement  apres  rempllssage 
alors  que  1 ' el ectro-vanne  (3  voles)  placee  sur  le  bStI  permet  d  la  fols  de  fermer  le 
circuit  de  rempllssage  et  de  mettre  le  flexible  de  liaison  d  1'alr  llbre,  evltant  alnsi 
toute  reaction  parasite. 

Oe  son  cOte,  le  circuit  de  pilotage  comprend  un  detendeur  pllote  et  une  el ectro-vanne 
3  voles  raccordde  au  dOme  du  detendeur  principal  par  une  tuyauterle  flexible  n'lntro- 
dulsant  qu'une  falble  Interaction. 

La  mesure  des  poussCes  axiale  et  laterale  est  reallsee  d  1'alde  de  capteurs  plezo- 
reslstlfs  travalllant  sulvant  le  cas  en  compression  ou  en  traction,  la  liaison  entre 
boutellle  et  bitl  etant  assuree  par  des  adaptateurs  equlpds  de  doubles  cardans  destines 
d  eilmlner  les  Interactions  resultant  des  ddfauts  d'al Ignement. 


4  -  DESCRIPTION  DES  MAQUETTES 

Les  differentes  maquettes,  quelles  qu'en  soient  les  dimensions,  sont  toutes  congues 
selon  un  schema  simple  permettant  de  proceder  alsement  d  des  modifications  ou  des  rdglages 
en  cours  de  miss  au  point. 

L'architecture  generals  de  la  maquette  est  representee  Figure  3. 

Un  corps  en  alllage  leger  supporte  au  moyen  d'usinages  appropries  les  differents 
elements  du  montage  :  11  est  muni  d'un  adaptateur  equipe  d'une  bride  tournante  permettant 
un  positlonncment  alse  et  rigoureux  de  la  maquette  sur  la  balance. 
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La  tuyCra.  rapportee  sur  la  corps,  est  allmentee  sulvant  1e  cas  i  travers  un  dlspo- 
sltlf  dt  tranquill Isatlon  (nid  d'abellle)  ou  de  mise  en  rotation  simulant  les  conditions 
d'ecoulamant  en  sortie  du  rdacteur.  La  presslon  gfinfiratrlce  est  mesur£e  en  aval  de  ce 
dispositif.  dans  une  chambre  oQ  1a  vltesse  de  circulation  des  gaz  est  falble. 

Enfin.  des  cales  de  rdglage  et  des  boutonnidres  sont  prdvues  pour  1'ajustement  des 
paramitres  fonctlonnels  X  et  Y  et  de  la  position  des  flasques  latdraux. 

Deux  sdries  de  maquette  assocldes  aux  deux  sdries  d'expdrlences  ddcrites  dans  1e 
programme  d'dtude  cl-apris  ont  dtd  construltes  ;  les  premieres  se  rapportent  aux  essals 
en  dcoulement  supersonique,  les  secondes  aux  essals  en  dcoulement  sonIque. 

Dans  1e  premier  cas.  afin  de  balayer  1e  taux  de  detente  entre  2  et  4,  i  presslon 
de  sortie  donnde  (detente  i  1 'atmosphere) .  trols  tuyeres  correspondent  i  des  Mach  en 
sortie  de  1.04.  1.36.  et  1.54  ont  ete  rdallsees. 

Le  dimenslonnement  des  maquettes.  effected  en  tenant  compte  des  contraintes  Impo- 
sdes  par  le  materiel  existent  (balance  et  circuit  de  soufflage)  nous  a  conduit  i 
retenir  1es  valeurs  sulvantes  : 


.  en  dcoulement  supersonique  au  Mach  moyen  de  1.36  ; 


-  en  configuration  monotuydre  : 

°c 

a 

17.8 

mm 

D 

• 

18.7 

mm 

% 

% 

70  N 

(pour  Pq  *  3  bars) 

-  en  configuration  bl-tuydre  : 

“e 

a 

12.6 

mm 

0 

a 

13.2 

mm 

dcartement  entre  divergents 
la  sortie 

a 

a 

3  mm 

en  dcoulement  sonIque  : 

“e 

a  D  * 

24  mm 

70  N 

(pour  Pq  ■  2  bars) 

A  titre  Indicatif.  ces  valeurs  condulsent  A  des  durSes  pratiques  de  raffales 
supdrleures  S  10  secondes  et  a  des  Nombre  de  Reynolds  moyens  en  sortie  de  tuydre  de 
1'ordre  de  10'. 


5  •  PROGRAMME  D'ETUDE 


Le  programme  experimental  est  mend  schdmatlquement  en  deux  temps  : 

-  une  etude  comparative  sommaire  du  comportement  du  dispositif  dans  les  deux  con¬ 
figurations  mono  et  bl-tuydres.  sur  une  plage  relativement  dtendue  du  nombre  de  Mach 
f1  compris  entre  1  et  1.6)  ; 

-  une  etude  paramdtrlque  approfondle  sur  un  arrldre-corps  monotuydre  en  rdglme 
sonIque  destlnde  a  cerner  les  probldmes  d'avlonnabllltd  du  systdme. 

5.1  -  Essals  prdllmlnalres 

En  premier  lieu,  on  procdde  sur  banc  statique  a  1a  determination  des  paramdtres 
nomlnaux  ;  pour  ceia.  on  met  a  profit  les  dlffdrents  moyens  de  rdglage  prdvus  sur 
les  maquettes  et  1'on  dvalue  la  stabllltd  du  recollement  a  partir  de  1 'evolution  des 
presslons  statiques  a  la  parol  du  ddvlateur  (Figures  4  et  5)  ;  cette  operation, 
effectude  au  Mach  moyen  de  1.36.  en  configuration  monotuydre  est  rdpdtde.  au  mdme 
Mach,  sur  la  configuration  bl-tuydre  ;  les  rdglages  retenus  pour  les  divers  paramdtres 
gdorndtrlques  sont  en  definitive  les  sulvants  : 


Monotuydre 

b1 tuydre 

rayon  de  courbure  du  ddvlateur  : 

:  R 

100  mm 

60  mm 

angle  d'attaque 

=  “o 

ajustable  entre 

0  et  10  degrds 

ajustable  entre 

0  et  10  degrds 

longueur  du  ddvlateur 

;  L 

ajustable  entre 

31  et  60  mm 

ajustable  entre 

22  et  48  mm 

Jeu  entre  divergent  et  flasque 

:  e 

0.65  mm 

0.9  mm 

hauteur  de  cavltd 

:  H 

10  mm 

10  mm 

Les  nftaes  essals  effectuis  aux  deux  Mach  extremes  1,04  et  1,56  permettent  de  conflr- 
■er  la  validity  de  ces  r6g1ages  dans  la  totalltt  du  domalne  des  taux  de  detente  envi¬ 
sages  . 

Une  fols  teria1n#e  cette  etude  qualitative  de  la  stablllte  du  recol 1 ement ,  on  precede 
avec  les  principaux  reglages  retenus,  e  une  analyse  quantitative  des  performances  en 
fonctlon  des  parametres  ajustables,  notamment  1 'angle  d'attaque  du  devlateur,  sa  lon¬ 
gueur  et  1e  taux  d'adaptatlon  de  la  tuyere. 

Ces  essals  se  termlnent  par  un  examen  du  comportement  et  de  1’efflcaclte  d'un 
devlateur  plan  de  falble  longueur,  en  vue  de  simplifier  le  systeme  et  d'en  limiter 
1 'encombrement,  dans  le  cadre  d ' appi 1  cation  aux  falbles  deviations. 

5.2  -  Etude  parametrique  approfondle 

Cette  etude  est  menee  en  ecoulemeDt  sonIque  sur  une  maquette  i  echelle  sensiblement 
plus  grande  afin  d'ajuster  plus  finement  les  parametres  geometriques  et  de  reallser 
1 ' Integration  d'une  motorlsation  simpllflee  avec  un  minimum  de  sujetlons. 

Comme  precedemment ,  une  premiere  etape  au  banc  statique  permet  d'ajuster  les  para¬ 
metres  de  reglage  de  la  marche  X  et  Y. 

Les  essals  effectues  sur  trols  formes  de  devlateur  (deux  devlateurs  plan  -  un 
devlateur  courbe)  condul sent  au  choix  de  la  configuration  nomlnale  : 

X  =  2  mm 

Y  «  2,5  mm 

On  note  toutefols  qu'un  accrolssement  de  la  hauteur  de  marche  ne  seralt  pas  prejudl- 
clable  i  la  stablllte  et  que  le  fonctlonnement  reste  possible  avec  une  largeur  de 
marche  nulle  (valeur  qui  sera  retenue  ul terleurement  sur  devlateur  plan). 

Ces  valeurs  etant  definles,  on  procede  i  une  etude  systematlque  au  banc  de  poussee 
portant  sur  les  differents  parametres  geometriques  et  physiques. 

On  verlfle  dans  cette  configuration  le  caractere  spontane  du  recollement  permettant  de 
s'affranchir  de  tout  artifice  aerodynamique  tel  que  soufflage  ou  aspiration. 


6  -  RESULTATS  D'ESSAIS  ET  OISCUSSION 

6.1  -  Essals  prei Imlnalres 

L'influence  de  la  longueur  du  devlateur  sur  les  performances  apparalt  Figures  6  et  7 
oO  sont  Indlquees,  en  fonctlon  du  taux  d'adaptatlon.  1'efflcaclte  laterale  et  la  perte 
de  poussee  axiale  ;  on  constate  alnsi  qu'11  est  possible  sur  un  monotuyere  legArement 
supersonique,  de  reallser  avec  un  devlateur  courbe  de  dimensions  suffisantes  (L  'v  2,5  D) 
des  poussees  laterales  dCpassant  30  i  de  la  poussee  axiale  sans  deviation.  Dans  ces 
conditions,  la  perte  de  poussee  varle  entre  5  et  10  X  selon  le  taux  d'adaptatlon. 

D'un  autre  c&te,  les  caracterlstiques  du  systeme  evoluent  avec  I'angle  d'attaque 
du  devlateur  comme  Indlque  sur  les  Figures  8  et  9  correspondant  6  une  configuration 
b1-tuyere  pour  laquelle  on  observe  un  accrolssement  correiatif  des  pertes  (>  IS  %  F  .). 
et  de  1'efflcaclte  lateralequi  avolsine  60  %  aux  niveaux  de  presslon  genAratrlce  les 
plus  bas. 

11  est  done  claIr  des  ces  premiers  essals  que  des  deviations  tres  Importantes  sont 
reallsables  avec  des  devlateurs  courbes  correctement  regies  et  cell  particul lerement 
sur  un  b1-reacteur  ;  des  perspectives  d'utlllsatlon  STOL  paralssent  alnsi  ouvertes  a 
un  tel  dispositif  moyennant  une  optimisation  des  parametres. 

Pour  let  applications  correspondant  a  des  poussees  laterales  plus  modestes 
(manoeuvrablllte),  11  ressort  qu'une  geometric  plane  de  falble  longueur  dolt  etre 
satisfalsante  ;  des  essals  partlels  effectuCs  tant  en  mono  qu'en  b1-tuyere  le  confirment 
et  un  programme  d’analyse  parametrique  detallie  est  done  lance  dans  la  configuration 
monotuyere  sonIque,  dont  nous  allons  commenter  les  resultats. 


6.2  -  Etude  paraiii6tr1que  aporofondle 


6.2.1  -  l5fluerjce_de_1  a_longueur_du_d6v1ateur 

L'evolutlon  des  caract6r1st1ques  est  Indlqufie  Figures  10  et  11  en  fonctlon  de  1'al- 
longement  (rapport  L/D  entre  la  longueur  du  dfivlateur  et  le  dlam^tre  en  sortie  de  tuySre)  ; 
on  met  en  Evidence  que  pour  la  configuration  6tud16e  (dfivlateur  plan  en  Scoulement  sonIque) 
11  existe  un  optimum  au  volsinage  de  la  valeur  L/D  >  1.25  ;  au-dessous.  le  dispositif 
s'av6re  Instable  au-deli  d'un  certain  rapport  de  presslon  (Po/Pa  "  2,25  pour  L/D  »  1)  ; 
au-dessus,  la  stability  est  satisfalsante  mals  les  performances  dimlnuent  en  raison  d'un 
d6co11ement  premature. 

II  convient  toutefols  de  noter  que  1 'optimum  alnsi  d6f1n1  correspond  i  un  rSglage 
donnS  des  autres  parametres  et  qu'on  do1t  s'attendre  i  des  modifications  de  ce1u1-c1 
lorsque  les  reglages  changent.  Seule  une  Investigation  trSs  complete  permettrait  d'apprfi- 
cler  1 'amplitude  de  ces  variations  mals,  d'ores  et  deji,  les  valeurs  obtenues  apparalssent 
technologiquement  vlables. 

6.2.2  -  Inf 1 uence_de_l a_l ongueur_des_fl asgues 

Les  dlspositlfs  de  confinement  de  I'ecoutement  constituent  evidemment  des  elements  fonc- 
tlonnels  essentlels  du  systeme  dans  la  mesure  oO  11s  participant  i  la  stablllte  du  recolle- 
ment.  Par  contre,  leur  presence  est  contraignante,  tant  du  point  de  vue  de  1 'adrodynamlque 
externe  en  accrolssant  la  trainee  de  1 ' arriere-corps  que  de  la  technologle  en  compllquant 
le  mecanisme  de  retract1on>L ' un  des  principaux  objectifs  de  1 'etude  parametrique  reside  done 
dans  1 'optImIsaHon  de  leur  encombrement  ;  en  particuller,  on  recherchera  pour  une  longueur 
de  devlateur  donnee,  la  longueur  minimale  de  flasque  compatible  avec  le  respect  des  per¬ 
formances  . 

Les  courbes  caracterlstiques  correspondent  i  differentes  longueurs  de  flasques  sont 
portees  sur  les  Figures  12  et  13  oQ  I'on  observe  une  chute  brutale  de  la  poussfie  1at#ra1e 
pour  un  allongement  1/D  volsin  de  2/3  ;  on  notera  que,  d'une  maniere  analogue  a  ce  qu'on 
observe  pour  le  parametre  precedent,  cette  chute  de  performance  s'accompagne  corrfilatl- 
vement  d'une  reduction  des  pertes  de  poussee  axiale. 

6.2.3  -  Inf 1 uence_de_l a_hauteyr,des_flasgues 

Dans  le  mSme  ordre  d'idee,  la  reduction  de  1 'encombrement  en  hauteur  dolt  6tre  recher- 
chee  i  toutefols,  I'examen  des  courbes  des  Figures  14  et  15  montre  qu'11  ne  faut  pas 
attendre  de  gains  spectaculalres  de  ce  cOte,  une  reduction  significative  de  1'efflcaclte 
laterale  apparalssant  des  que  la  llmite  superleure  du  flasque  affleure  le  plan  de  symetrle 
horizontal  de  la  tuyere  ;  on  constate  paral leiement  que  cette  disposition  particullere 
(d  =  o)  conduit  e  la  perte  de  poussee  axiale  maximale.  On  s'en  tiendra  avantageusement 
e  un  depassement  relatif  d/D  de  1 'ordre  de  10  t, 

D'une  maniere  plus  generale,  1 'etude  des  deux  dernlers  parametres  met  en  evidence 
1 ' Impossi b1 1 1 te  de  supprimer  les  dlspositlfs  de  confinement  ;  seule,  une  reduction  de 
leurs  dimensions  peut  etre  envisagee. 

6.2.4  -  Inf 1 uence_de_l f 6cartement_des_flasgues 

La  position  des  petales  de  la  tuyere  propulsive  n'est  pas  figee  et  depend  des  condi¬ 
tions  de  vol  ;  1 'adaptation  du  dispositif  de  pilotage  necessite  done  1 'etude  du  compor- 
tement  de  la  bascule  en  presence  d'un  ecartement  des  flasques  variable  (Jeu  radial  e). 

La  variation  de  ce  parametre  est  obtenue  sur  maquette  au  moyen  de  cales  d'epalsseur 
dans  une  plage  de  reglage  comprise  entre  0,5  et  5,5  mm  (solt  environ  2  i  20  X  du  diametre 
de  sortie  tuyere } . 

Les  Figures  16  et  17  representent  la  variation  de  1'efflcaclte  laterale  et  de  la 
perte  de  poussee  axiale  parametree  en  rapport  de  presslon  ;  on  note  que  les  performances 
sont  tres  affectees  par  la  position  transversale  des  flasques,  parti cul lerement  au-delS 
d'un  espacement  e  volsin  de  10  X  du  diametre  D  ;  toutefols.  la  stablllte  du  recolle- 
ment  ne  semble  pas  remise  en  causeparces  reglages. 

Des  essals  compiementalres  ont  permls  de  constater  par  allleurs  qu'un  ajustement  de 
1 'Incidence  du  devlateur  ne  permettalt  pas  d'accroltre  sensiblement  la  poussee  laterale. 

Ces  resultats  suggerent  en  pratique  1 ' Integration  d'un  dispositif  d'articulatlon  des 
flasques  permettant  de  s'adaptcr  aux  variations  du  col  de  tuyere. 
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6.2.5  -  Infl uence_du_jeu_1on9l tud1na1_entre_f1asgue_et_tu^6re 

L'analyse  de  ce  paramfitre  vise  S  s'assurer  que  la  solution  6tud16e  est  compatible 
avec  les  exigences  fonctlonnelles  sur  avion  tant  au  plan  thermique  (tenue  des  compo- 
sants  en  presence  de  gaz  chauds)  que  mdcanlque  (positlonnement  par  rapport  a  la  tuyere, 
compensation  des  dilatations). 

Dans  la  plage  de  variation  comprise  entre  0  et  1,5  mm,  on  a  pu  mettre  en  evidence 
une  evolution  sensible  des  performances  ;  les  Figures  18  et  19  recapitulent  les  resultats 
ottenus.  On  y  observe  une  Inflexion  de  1'efflcaclte  au  volsinage  du  rapport  de  presslon 
Pn/Pa  *  2  ;  par  centre,  au  plan  fonctlonnel,  1e  recollement  est  peu  perturbe  par 
^aspiration  au  niveau  de  la  fente  et  1’effet  trompe  qui  s'ensult  se  tradult  par  un 
gain  notable  des  performances  axiales. 

Le  comportement  global  du  systeme  vls-i-vls  de  ce  paramfitre  paralt  satisfalsant 
et  permet  d'envisager  favorablement  un  refroldlssement  naturel  des  elements  les  plus 
solllcites  thermiquement . 

6.2.6  -  Infl.uence_d^une,r6a1 1mentat1on_de_l a_marche 

L'fitude  des  fultes  entre  dfivlateur  et  plan  de  sortie  tuySre,  entralnant  une  rfeali- 
mentatlon  de  la  marche,  rfipond  au  mSme  souci  que  prec6demment  ;  1 es  r6su1tats  presentes 
Figures  20  et  21  montrent  une  sensibility  plus  grande  du  dispositif  vls-6-vls  de  ce 
paramytre,  le  dyb1t  secondaire  aspiry  entralnant  un  ypalsslssement  de  la  couche  llmite 
qui  affecte  les  conditions  de  recollement. 

Une  vyrificatlon  globale  du  fonctlonnement  en  presence  de  jeux  reprysentatl fs  d'une 
configuration  ryelle  a  6t6  effectuie  en  assoclant  sur  la  myme  maquette  une  fente  de 
real Imentatlon  et  un  jeu  entre  flasque  et  tuyere  de  myme  valeur  (1  mm  soit  5  %  de  D): 
la  caractyristique  correspondante  lllustre  blen  I'lnteryt  du  confinement  et  montre  qu'11 
sera  nycessaire  de  trouver  un  compromis  entre  une  simplification  extreme  associee  i  des 
Jeux  Importants  et  une  definition  plus  performante  mais  trys  sophlstlquee. 

6.2.7  -  Influence  des  dyfauts  locaux 


Olffyrents  dyfauts  gdomytrlques  ont  ete  simuiys  sur  maquette  en  tenant  compte,  de 
fafon  aussi  r6al1ste  que  possible,  des  probiymes  de  conception  et  de  fabrication  : 
bord  d'attaque  du  ddvlateur  sans  arete  vIve  (diffyrents  rayons  ont  ete  testes),  presence 
d'obstacles  singullers  S  la  surface  (rivets  reprdsentes  lei  par  des  vis  tete  fralsee  4 
dypassement  contrdie). 

Par  allleurs,  des  essals  ont  ete  realises  avec  un  ecoulement  tournant  reprysen* 
tatif  des  conditions  de  sortie  rdacteur. 

Dans  tous  les  cas,  les  pertes  d'efficacite  enreglstrees  n'ont  pas  depasse  1  % 
de  F^  i  on  peut  done  conslderer  que  ces  dyfauts  constituent  un  probieme  marginal  de  la 
mise  au  point  d’un  deviateur  reel. 

6.2.8  -  Infl uence_du_taux_d 'adagtatlon 

Les  differentes  caracterlstlques  presentees  etant  parametrees  en  Pq/Pj  ont  dyj4 
permis  d'evaluer  1 'allure  des  variations  de  performances  en  fonctlon  du  taux  d'adaptatlon 
les  Figures  22  et  23  predsent  cette  Influence  pour  une  geometrie  donnee  et  dans  un  domain 
de  presslon  eiargl . 

On  note  une  perte  d'efficacite  laterale  continue  mais  falble  4  mesure  que  crolt 
la  presslon  generatrlce  et,  qual Itativement,  le  dispositif  de  pilotage  couvre  la  totality 
du  domalne  d'utlllsatlon  envisage  sans  modification  significative  de  la  stability  de 
recol 1 ement . 

7  -  CONCLUSION 


La  presente  etude  a  montre  qu'11  etalt  possible  d'obtenir  le  recollement  d'un  jet 
sonIque  ou  faiblement  supersonique  sur  une  parol  plane  ou  profliee  dans  une  plage  de 
presslon  generatrlce  correspondent  au  domalne  de  vol  generalement  envisage  pour  les 
avions  de  combat. 

On  est  parvenu,  dans  la  version  nomlnale  retenue,  4  reallser  des  taux  de  deviation 
repondant  aux  specifications  visees  (jusqu'4  60  X  de  la  poussee  axiale  nomlnale)  sans 
pertes  exagerees. 
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Les  essals  syst£mat1ques  d'optimisatlon  des  r6g1ages  fonctlonnels  ont  permls  de 
dfiflnir  les  llmites  d ' utl 1 1 satlon  et  de  verifier  notamment  la  nficessitS  de  mettre  en 
oeuvre  des  moyens  de  confinement  ajustables. 

On  a  vu  ega1 ementqu ' on  pouvalt  envisager  1e  refroldlssement,  total  ou  partlel, 
des  dlffSrents  composants  en  menageant  des  fentes  de  rSal imentatlon  correctement  filmen- 
slonnees  dans  1es  zones  les  plus  solllcitees. 

Le  dispositif  reste  simple  sur  le  plan  des  formes  et  de  la  technologic  et  ne  necessite 
pas  d'organes  annexes  d'aspiratlon  ou  de  soufflage  pour  favorlser  le  recollement  ;  plus 
particul lirement,  11  ne  remet  pas  en  cause  la  conception  des  tuySres  de  revolution  actuel- 
lement  developpdes. 
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SUMMARY 

The  off-deslgn  performance  of  turboprop  and  turbojet  engine  '-d-th  ejector  exhaust  ducts 
have  been  Investigated  at  Alfa  Romeo  Avlo  during  AR  318  turboprop  engine  (and  Its  derived 
versions)  development  and  certification  program. 

The  optimisation  of  the  matching  betv’een  engine  and  exhaust  duct  system  has  been  deve¬ 
loped  along  the  follot.'lng  line. 

A  theoretical  approach  has  been  used  by  Introducing  in  a  Synthesis  programme  the  appro 
prlate  numerical  simulation  of  the  ejector,  both  in  the  case  of  subsonic  condition  at  the 
engine  exhaust  station  and  In  the  case  of  sonic  station,  with  supersonic  development  of 
the  flow  through  the  ejector. 

Then  a  lot  of  experimental  tests  has  been  carried  out  on  the  AR  318  facilities , to  com¬ 
pare  the  results  in  the  case  of  subsonic  engine  exit. 

In  order  to  study  the  supersonic  flow  through  the  ejector  a  set  of  available  experlmen 
tal  results  has  been  examlnated  so  that  the  reliability  of  theoretical  methods  to  evaluate 
the  secondary  flow,  for  cold  condition,  has  also  been  verified. 

For  hot  conditions  experimental  tests  have  been  performed  at  Alfa  Romeo  facilities  and 
results  are  shown  compared  with  theoretical  calculations. 

Next  step  has  concerned  the  installation  of  a  suitable  ejector  system  on  the  AR  180.10 
turbojet  engine,  '•>hlch  is  a  derived  version  of  the  AR  318  turboprop. 

LIST  OF  SIMBOLS 

A  Area 

H  Enthalpy 

M  Mach  number 

P  Pressure 

9  Density 

R  Gas  constant 

T  Temperature 

V  Velocity 

W  Mass  flovT  rate 

SUBSCRIPTS 

c  Cold  or  secondary  flow 

E  Main  flow 

S  Static 

T  Total 

U  Ejector  exit  section 


1.  INTRODUCTION 

This  paper  deals  with  two  problems  proceeded  during  the  AR  318  turboprop  engine  and  Its 
derived  versions  development  and  certification  program: 

1)  An  ejector  system  at  the  exhaust  duct  of  the  AR  318  engine  was  required,  so  that  a 
cooling  secondary  flow  through  the  nacelle  Is  obtained  and  the  flow  rate  Is  governed  by  the 
engine  ratings. 

2)  In  order  to  Increase  the  thrust  of  the  AR  180.10  turbojet  engine,  designed  for  low 
speed  aircraft.  It  was  decided  to  study  a  suitable  ejector  system. 

Therefore  the  job  has  been  divided  In  two  parts:  one  for  the  turboprop  engine,  dealing 
with  the  AR  318  engine,  the  other  one  for  the  supersonic  ejector,  studied  on  the  Alfa  Romeo 
Avlo  test  facilities. 


2.  TURBOPROP  ENGINE 

2 . 1  The  Engine 

The  AR  318  turboprop  engine  Is  the  first  engine  designed  and  developed  by  Alfa  Romeo 
Avlo  after  World  War  II, 

It  Is  a  low  cost  600  SHP  engine  for  commercial  and  commuter  aircraft  with  up  to  10000 
LBS  take-off  weight,  and  for  turbo-trainer  aircraft  with  Installed  power  from  350  to  600 
SHP. 

The  AR  318  Is  a  very  simple  engine,  as  fig.  1  shows.  Its  basic  components  are  designed 
for  easy  maintenance.  The  engine  main  modules  are  the  following: 

-eplcycloidal  gearbox  which  Includes  the  axial  lobe  air  intake; 

-single  stage  high  pressure  ratio  centrifugal  compressor; 

-high  efficiency,  low  pollution  reverse  flow  combustor; 

-Integral  casting  two  stage  turbine. 

Since  the  first  run,  on  September  1977,  testings  totalled  over  1500  hours  on  test  bed 
and  150  flying  hours  on  a  Beechcraft  A90  KING  AIR  aircraft. 

2.2  Ejector  System  Requirements 

Studlng  with  an  airframe  company  the  Installation  of  the  AR  318,  for  a  practical  appl^ 
cation  on  a  single  engine  turbo-trainer  aircraft.  It  was  discussed  the  possibility  to  use 
an  ejector  system  for  the  aircraft  exit  duct. 

Such  a  system  was  required  for  the  following  reasons: 

-a  very  easy  installation  is  got  because  the  exhaust  duct  has  not  to  be  build  and  strip 
ped  with  the  engine; 

-a  cooling  secondary  flow  Is  directed  through  the  nacelle;  this  flow  Is  controlled  by 
the  engine  rating  and  it  Is  particularly  necessary  for  aircraft  operating  in  the  hot 
rones  of  the  world; 

-a  reduction  of  static  pressure  at  the  engine  exit  station  Is  obtained  so  that  the  prep 
sure  losses  In  the  aircraft  exhaust  duct  are  balanced  by  different  enthalplc  drop 
through  the  turbine . 

A  possible  configuration  of  the  Installation  on  an  aircraft  Is  shown  in  fig.  2 

2.3  Numerical  Simulation 


A  reliable  computer  programme  for  off-deslgn  engine  performance  prediction,  and  for 
different  engine  configurations.  Is  already  available  at  Alfa  Romeo  Avlo  and  at  lAF  Acade¬ 
my,  (1).  This  programme  had  been  prepared  on  the  ground  of  the  'state  vector'  theory  (2), 
(3), (4).  The  number  and  the  kind  of  parameters  in  the  state  vector  is  strictly  depending 
on  engine  configuration. 

The  choice  of  the  parameters  used  as  components  may  be  the  widest  one,  (5),  and  the 
computer  program  calculates  them  by  using  the  condition  of  constant  mass  flow  rate  in  a 
number  of  engine  stations.  A  set  of  equations,  whose  number  Is  equal  to  the  number  of  vec¬ 
tor  state  components,  can  be  obtained  and  solved  by  an  Iterative  method. 

One  of  the  control  station  used  to  write  the  set  of  equations  is  the  engine  exhaust, 
so  that  the  mathematical  model  of  the  ejector  becomes  an  Important  and  essential  part  of 
the  Iterative  method  for  engine  performance  evaluation. 

For  both  subsonic  and  supersonic  ejector  performance  prediction  many  mathematical  mo¬ 
dels  are  available  in  literature  (6) , (7) , (8) ,(9) ,( 10) ,( 11) . 

The  main  aim  of  this  paper  Is  to  find  out  a  simple  model  suitable  for  Integration  with 
Synthesis  computer  program.  In  fact,  as  previously  stated,  the  aim  is  to  obtain  a  digital 
computer  progranmie  fit  to  study  the  engine-ejector  all  together.  In  any  working  condition. 
This  is  also  the  philosophy  of  the  Synthesis  programme,  which  studies  the  behaviour  of  the 
engine  as  a  whole  without  considering  the  particular  flow  type  In  the  curbomachlne . 

The  subsonic  ejector  model  Is  based  upon  the  following  considerations. 

As  previously  stated  the  ejector  Installation  modifies  the  engine  thermodynamic  cycle 
because  the  static  pressure  at  the  engine  exit  station  Is  lower  than  the  atmospheric  pres¬ 
sure,  This  causes  a  variation  of  enthalplc  drop  through  the  turbine. 

The  numerical  simulation  of  the  ejector  has  been  developed  with  the  condition  that  se¬ 
condary  flow  must  provide  an  equilibrium  pressure  at  the  engine  exit  station  between  the 
static  pressures  of  engine  exhaust  gas  and  the  same  secondary  flow. 

A  flow  chart  of  the  numerical  method  used  Is  shown  In  fig.  3 

The  iterative  calculation  model  of  the  ejector  has  been  Inserted  In  the  iterative  Syn¬ 
thesis  programme;  the  analysis  of  the  Installation  effect  starts  when  the  Synthesis  has  a^ 
ready  evaluated  the  exhaust  stream  parameters.  In  this  way  the  static  temperature,  gas  ve¬ 
locity  and  geometrical  properties  of  engine  exhaust  jet  are  known. 

The  first  calculation  step  Is  devoted  to  guess  the  value  of  the  ratio  between  seconda¬ 
ry  flow  rate  and  main  flow  rate  (W  /W^,,  fig.  4), 

Furthermore,  with  the  hypothesfs  of  complete  mixing,  the  enthalpy  and  the  total  tempe¬ 
rature  at  the  ejector  final  statlon(A.  )  are  computed.  Using  Isentroplcal  flow,  thermodyna¬ 
mic  state  and  mass  conservation  equations,  gas  velocity,  static  temperature  and  density  at 
Ay  station  are  also  obtained. 
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Then  from  the  value  of  secondary  mass  flow  and  A  area  (see  fig.  4),  it  is  possible 
to  evaluate  all  parameters  for  the  cold  secondary  Infet  station  (i.e.  ' 

At  station  3  there  is  the  equality  of  static  pressures  so  P  “Pgj;* 

The  value  of  P  „  and  the  exhaust  engine  geometry  determines  the  static  temperature 
and  velocity  of  hot  stream.  Thus  from  momentum  equation  between  station  2  and  A^  a  new 
value  of  static  pressure  at  station  3  can  be  calculated. 

The  value  of  static  pressure  from  step  5  (fig.  3)  is  compared  with  the  value  of  the 
same  parameter  calculated  in  step  7.  This  comparison  is  the  end  of  first  step  of  ejector 
effet  iterative  calculation.  If  the  difference  between  the  two  values  of  static  pressure 
in  station  3  is  greater  then  the  prefixed  tolerance  the  iteration  goes  on  restarting  from 
step  1  (fig.  3).  Otherwise  the  iterative  calculation  for  state  vector  components  goes  on. 

The  modified  Synthesis  programme  has  been  used  to  carry  out  several  calculations  for 
different  engine  working  conditions.  Some  of  these  results  are  shown  in  fig.  5,6,7;  they 
are  obtained  for  the  same  engine  ratings  (i.e.  engine  speed  and  fuel  flow). 

The  results  show  the  effect  of  an  ejector  system  on  the  performance  of  AR  318-052, 
compared  with  the  behaviour  of  the  engine  without  the  ejector  exit  duct. 

Fig.  5  shows  the  variation  of  secondary  mass  flow  rate  and  residual  thrust  for  dif¬ 
ferent  ejector  area  ratio  at  fixed  flight  conditions  (design-point  of  version  052  of  the 
AR  318  engine)  . 

Fig.  6  and  7  show  the  variation  of  shaft  power  and  equivalent  power  in  the  same  con¬ 
ditions  of  fig.  5.  The  most  Important  result  is  that  any  variation  in  power  is  very  low 
and  to  show  them  a  large  scale  plotting  has  been  used.  In  these  figures  the  x-axls  has  a 
double  scale.  This  is  the  result  of  the  study  carried  out  in  order  to  evaluate  the  ejec¬ 
tor  installation  effect  on  a  turboprop  engine.  The  ejector  improves  power  because  it  in¬ 
crease  enthalplc  drop  in  turbine.  The  same  effect  can  be  obtained  increasing  the  exhaust 
area  of  the  engine.  The  most  Important  difference  between  the  two  methods  is  that  the  ej¬ 
ector  Increases  residual  thrust,  while  the  larger  exhaust  area  decreases  this  parameter. 
The  final  effect  is  a  different  equivalent  power  behaviour  in  the  two  different  cases 
(fig.  7) 

2.4  Experimental  Tests 


The  experimental  tests  have  been  carried  out  at  Alfa  Romeo  Avio  AR  318  hangar  test 
bed  in  Pomigliano  d'Arco(Naples) , 

These  tests  have  been  performed  in  order  to  prove  the  reliability  of  the  numerical 
method  outlined  in  the  previous  section. 

Ejector  dimension  have  been  chosen  to  test  the  system  without  creating  any  interferen 
ce  with  AR  318  certification  program.  So  an  area  ratio  that  did  not  cause  a  large  change 
in  engine  behaviour  has  been  chosen  by  the  Synthesis  programme. 

To  evaluate  a  suitable  lenght  of  the  ejector  a  program  from  theory  of  ref.  (11),  was 
developed.  So  with  Synthesis  area  and  mass  flow  ratio  the  ejector  lenght  has  been  calcu¬ 
lated.  Practically  this  phlsical  parameter  affects  the  mixing  between  main  and  secondary 
flow. 


In  order  to  consider  the  influence  of  lenght  on  ejector  performance  and  to  choice  geo 
metrical  dimensions  near  required  conditions,  the  small  numerical  programne  has  been  used 
in  a  parametric  study.  Briefly  the  best  value  of  ejector  lengt  to  diameter  ratio  is  about 
3.5,  ref. 12.  This  value  puts  in  agreement  several  oppositing  requirements  (i.e,  weight, 
secondary  flow  rate  and  internal  frictional  losses). 

As  previously  stated  the  main  aim  of  experimental  tests  is  to  evaluate  the  secondary 
mass  flow  rate  so  the  model  Instrumentation  is  sketched  in  fig.  4.  The  truncated  cone  sha 
ped  inlet  has  been  chosen  in  order  to  evaluate  the  relative  position  engine-ejector  on  sy 
stem  performance. 

The  most  significative  results  are  plotted  in  fig.  8,9,10.  Engine  global  performance 
(i.e.  power,  S.F.C.)  change  are  not  plotted  because,  as  calculated  by  the  appropriate  com 
puter  program,  see  ref,  13, the  differences  measured  during  the  tests  have  been  very  small 
as  stated  in  ejector  dimensions  choice. 

Plotted  results  show  the  good  agreement  betweem  theoretical  and  experimental  data  con 
cemlng  main  to  secondary  mass  flow  ratio  and  exhaust  gas  temperature. 

Fig.  10  shows  the  standard  deviation  of  measured  exhaust  temperature,  that  is: 


S.D, 


EOT 


(T.-T„)' 
i  m 


N-1 


where:  T,  is  the  value  measured  at  the  i-th  thermocouple; 

T^  is  the  mean  exhaust  gas  temperature; 
tJ™  is  the  number  of  the  thermocouples. 

This  parameter  has  been  chosen  to  get  seme  informations  about  the  degree  of  mixing 
for  the  three  different  positions  in  fig.  4.  The  first  result  is  that  the  best  mixing  is 
achieved  at  the  position  A  of  fig. 4. 
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3.  TURBOJET  ENGINE 

3.1  The  Engine 

The  use  of  ejector  system  for  thrust  augmentation  Is  actually  widely  diffused  parti¬ 
cularly  for  V/STOL  during  take-off /landing  operations. 

The  purpose  of  present  study  Is  to  use  an  ejector  system  to  Increase  thrust  of  the 
AR  180.10  turbojet  engine  for  an  application  on  a  low  speed  aircraft. 

The  layout  of  the  engine  Is  shown  In  fig. 11.  The  core  engine  Is  the  same  of  the  AR318 
without  the  turbine  second  stage.  The  air  Intake  Is  modified  from  the  lobe  to  an  axial 
one  since  there  Is  no  gearbox  soace  problem.  The  engine  so  obtained  Is  a  400  LBS  take-off 
turbojet  engine  already  tested  on  the  Alfa  Romeo  Avlo  test  facilities. 

3.2  Ejector  System  Requirements 

In  that  case  the  ejector  system  requirements  Is  the  optimisation  of  secondary  mass 
flow  rate  so  that  maximum  thrust  augmentation  Is  obtained  from  static  to  maximum  forward 
speed  conditions. 

Numerical  simulation  of  engine-ejector  system  has  been  carried  out  to  have  a  computer 
programme  to  evaluate  the  complete  performance  all  over  the  operative  field  of  the  engi¬ 
ne.  Confirmation  of  theoretical  results  has  been  obtained  by  a  set  of  cold  and  hot  tests 
performed  on  a  scaled  down  ejector  model. 

3.3  Ntjmerlcal  Simulation 

The  main  difference  between  turboprop  and  turbojet  ejector  system  application  Is  the 
engine  exhaust  station  condition.  In  fact  while  for  turboprop  engine  the  flow  Is  always 
subsonic  at  the  engine  exhaust  station,  for  turbojet  engine,  at  high  rating  conditions, 
the  flow  becomes  sonic,  when  there  Is  a  simple  convergent  exhaust  duct,  or  supersonic  In 
the  case  of  convergent-divergent  diffuser. 

Many  studies  deal  with  such  a  problem  and  a  wide  analysis  may  be  found  In  ref.  (8). 

As  already  pointed  out  In  the  turboprop  section,  the  main  purpose  of  this  job  was  to 
test  a  mathematical  model  to  be  matched  with  Synthesis  computer  programme.  So  only  one- 
dlmenslonal  theories  have  been  treated  for  the  two  essentially  different  conditions: 

-supersonic  regime 

-mixed  flow  regime 

and  assumptions  and  development  of  equations  are  available  in  ref.  (8). 

The  main  difference  is  that  while  In  ref,  (8)  the  theories  are  applied  to  determine 
operative  conditions  of  the  ejector  system  to  achieve  a  forecast  secondary  to  main  mass 
flow  ratio.  In  the  case  under  examination  the  aim  is  to  know  the  behaviour  of  the  system 
for  assigned  external  conditions. 

So  for  the  supersonic  regime  a  computer  program  has  been  prepared  where  the  primary 
flow  has  been  calculated  by  the  one-dimensional  theory  of  convergent-divergent  diffusers 
and  secondary  flow  Is  evaluated  by  the  assimijjtlon  of  chocking  condition  at  a  certain  po¬ 
sition  along  the  ejector  and  by  the  balance  of  momentum  In  the  section. 

Results  obtained  for  assigned  geometry,  ambient  and  primary  flow  conditions  are  shown 
compared  with  the  experimental  tests  of  ref.  (8),  see  fig,  12. 

After  the  programme  has  been  modified  to  evaluate  also  the  development  of  the  two 
flows  through  the  ejector  In  the  case  of  different  stagnation  temperature  by  balancCg  to¬ 
tal  energy  at  Inlet  and  outlet  of  the  ejector. 

Results  have  shown  that  the  high  secondary  to  external  pressure  ratio  stated  for  the 
supersonic  regime,  leads  this  model  to  be  not  suitable  for  the  aim  of  this  study. 

So  the  mixed  flow  regime  has  been  treated  and  matched  with  the  Synthesis  computer  pro 
gramme  to  evaluate  the  complete  system  performance.  The  flow  chart  is  shown  In  fig.  13. 

In  that  case  the  engine  thermodlnamlc  cycle  Is  evaluated  without  ejector  effect  be¬ 
cause  of  sonic  or  supersonic  engine  exit  station.  So  the  iterative  scheme  is  divided  In 
two  parts: 

-one  for  the  calculation  of  state  vector  for  engine  thermodynamic  cycle; 

-the  other  one  for  the  evaluation  of  the  secondary  mass  flow  by  continuity,  momentum 
and  energy  balance  between  Inlet  and  outlet  of  ejector  system, 

3.4  Experimental  Tests 

To  have  a  confirmation  of  reliability  of  theoretical  calculation  for  the  AR  180.10 
turbojet  exhaust  gas  conditions,  a  scaled  down  ejector  system  has  been  prepared  and  te¬ 
sted  at  Alfa  Romeo  Avlo  facilities.  The  layout  Is  shown  In  fig.  14. 

By  this  facility  a  maximum  primary  pressure  of  about  600  kPa  and  a  total  t<^mperature 
of  1000  K  are  available  and  those  values  include  the  AR  180.10  exhaust  gas  conditions. 

Temperature  and  pressure  modulations  are  obtained  respectively  by  fuel  control  and  by 
an  actuator  system.  So  the  primary  mass  flow  rate  Is  fixed  by  temperature  and  pressure 
condition  while  secondary  flow  starts  from  ambient  conditions,  as  on  a  turbojet  engine  at 
sea  level  static. 

Some  preliminary  tests  have  been  carried  out  with  convergent-divergent  diffuser  and 
with  a  simple  convergent  diffuser.  The  primary  to  secondary  area  ratio  (Ag/Af.)  during 
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those  first  tests  was  about  l/l2. 

The  instrumentation  has  been  chosen  to  have  an  accurate  evaluation  of  the  secondary 
mass  flow  rate  and  of  the  development  of  the  mixed  flow  through  the  ejector  with  some  in 
formation  about  the  exit  gas  temperature  distribution. 

Some  of  the  preliminary  results  are  shown  in  fig.  15  and  16,  compared  with  theoreti¬ 
cal  calculations.  During  these  tests  a  convergent-divergent  diffuser  with  A^/A^  (diffu¬ 
ser  exit  station-chocking  station  area  ratio)  equal  to  about  2.5  was  used. 

Results  show  the  accurancy  of  theoretical  calculations  particularly  at  low  primary 
total  temperature  and  high  pressure,  while  Increasing  temperature  and  decreasing  pressu¬ 
re  the  difference  goes  up  til  5t6  7.  in  the  worst  conditions,  see  figl5. 

Fig.  16  shows  exhaust  gas  temperature  versus  total  temperature  of  the  primary  flow. 
Temperature  distribution  is  very  flat  with  maximum  difference  at  high  temperature  of  about 
5  K.  In  the  same  diagram  is  plotted  the  exit  temperature  calculated  with  the  assumption 
of  full  mixing  between  primary  and  secondary  measured  mass  flow  rate,  using  their  measu¬ 
red  inlet  total  temperature  (i.e.  controlled  total  temperature  for  the  primary  flow  and 
ambient  temperature  for  the  secondary  flow) . 

Results  show,  with  a  maximum  difference  of  4  K,  that  full  mixing  assumption  is  nearly 
to  be  fully  verified. 

Following  this  comment,  the  difference  between  experimental  and  calculated  temperature 
derives  from  the  difference  on  mass  flow  ratio. 

The  experimentation  is  not  finished  yet  and  during  the  ntxt  tests  different  primary 
to  secondary  area  ratio  shall  be  tested  while  a  build  of  the  AR  180.10  turbojet  engine 
has  been  already  prepared  with  an  ejector  system  where  a  primary  to  secondary  area  ratio 
of  about  l/6  is  obtained. 

Fig.  17  and  18  show  theoretical  results  obtained  for  the  AR  180.10  -  ejector  configu¬ 
ration  prepared  for  experimental  tests.  The  value  of  A^/A  has  been  chosen  in  order  to  ob 
tain  thrust  augmentation  till  150  m/s  forward  speed.  ^ 

4.  CONCLUSION 

Synthesis  performance  prediction  programme  and  ejector  simulation  matching  has  been 
obtained  for  both  turboprop  and  turbojet  engine. 

The  accurancy  of  the  complete  system  performance  prediction  has  been  shown  to  be  very 
high  for  turboprop  engine. 

For  turbojet  engine  satisfactory  results  have  been  obtained  but  AR  180.10  test  bed  re 
suits  will  represent  the  most  significative  confirmation  of  theoretical  and  experimental 
tests  already  carried  out. 
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SUMMARY 

A  brief  review  of  some  of  the  difficulties  inherent  in  second-order-closure  modeling 
is  given.  In  particular,  the  Impropriety  of  using  "universal"  single-scale  equations  in 
closing  the  equations  Is  discussed.  The  results  of  defining  a  simple  tensor  scale  and 
deriving  equations  for  its  components  from  a  moment  expansion  of  the  two-point  correlation 
tensor  equation  are  discussed.  These  results  are  compared  with  experimental  data  from 
nearly  homogeneous  shearing  flows,  and  suggestions  for  further  research  are  put  forward. 


INTRODUCTION 

Over  the  past  fifteen  years,  advances  in  computer  technology  have  been  such  that  It 
Is  now  practical  to  use  second-order-closure  methods  for  calculating  turbulent  flows  on 
many  engineering  problems.  Since  such  calculations  give  more  information  than  the  older 
eddy  viscosity  methods,  they  are  starting  to  be  used  widely  by  the  engineering  community. 
These  methods  are  not  universally  loved  and  admired.  Indeed,  there  is  a  very  articulate 
group  of  experimentalists  who  maintain  that  the  methods  are  invalid  in  principle  because, 
according  to  these  experimentalists,  they  take  no  account  of  the  rather  orderly  procession 
of  structures  that  are  found  in  turbulent  flows. 

In  view  of  this  split  in  the  turbulence  community,  the  authors  would  like,  in  what 
follows,  to  review  briefly  the  nature  of  second-order  turbulence  models,  discuss  some  of 
the  shortcomings  of  various  levels  of  closure,  present  some  ideas  as  to  how  eddy  structure 
might  be  considered  within  a  second-order-closure  method,  and  give  some  examples  of  how 
the  inclusion  of  such  information  affects  the  outcome  of  calculations  for  homogeneous 
shear  flows. 

1.  MODELING  AND  THE  APPEARANCE  OF  SCALES 

The  authors  will  assume  that  the  readers  are,  in  general,  familiar  with  second-order 
turbulence  calculations  and  know  that  equations  for  the  mean  flow  and  some  second-order 
turbulent  correlations  are  solved  simultaneously  to  predict  a  given  flow.  In  what  follows, 
we  will  assume  that  a  full  closure  is  considered  and  that  we  are  required  to  model  certain 
terms  that  appear  in  the  equations  for  the  Reynolds  stress  correlation 
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Let  us  consider  here  the  modeling  of  several  terms.  We  start  with  the  third-order 
velocity  correlation  <U£U«ujj>  .  The  simplest  way  to  make  a  third-order  covariant  tensor 
out  of  the  second-order  covariant  tensor  <U£U<>  is  to  take  a  covariant  derivative  of 
this  quantity.  If  we  do  this  and  note  that  <UiUjUj^>  is  symmetric  in  all  three  indices, 
we  can  write 

<“i“j«k>*  <'*i"j>,k  +  <«k'^i>,j  +  <^j'^>,i 


The  quantity  on  the  right-hand  side  of  this  expression  has  all  the  tensor  and  symmetry 
properties  we  require,  but  it  does  not  have  the  right  dimensions.  We  can  remedy  this  by 
multiplying  by  a  scalar  formed  from  a  length  and  a  velocity.  We  choose  a  length,  say  Ay  , 
and  take  as  our  velocity 

q  ”  (1.3) 

and  thus  write 


(1.4) 
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This  is  a  model  of  the  velocity  diffusion  correlation.  It  is  certainly  not  the  only  one 
we  can  write.  But  let  us  note  here  that  a  major  assumption  has  been  made  if  we  assume 
this  model,  or  for  that  matter  any  model  that  changes  only  the  quantity  inside  the 
parentheses  on  the  right-hand  side  of  Eq.  (1.4).  The  tacit  assumption  that  we  have  made 
is  that,  although  we  know  that  the  scales  of  turbulence  are  not  the  same  in  all  directions, 
one  scale  alone  is  sufficient  to  describe  the  diffusion  of  turbulent  correlations  by  the 
action  of  the  turbulent  environment.  As  we  will  see,  this  assumption  of  scalar  scale 
prevails  in  most  of  the  second-order-closure  modeling  that  has  been  done  to  date. 

Let  us  consider  the  modeling  of  another  term,  namely. 

The  tensor  and  S3mimetry  character  we  need  is  contained  in  <Uj^uj>  itself.  However, 
continuity  requires  that  the  term  we  are  modeling  becomes  zero  If  contracted,  so  we  write 

2 

('‘i,j  "  ‘‘i'^j  ■  ®ij  T 

The  dimensions  are  not  correct  and  we  fix  this  by  multiplying  by  a  scalar  formed  from  a 
length  Aj  and  the  velocity  q  ;  thus. 


Note  again  that  in  proceeding  as  we  have,  we  have  assumed  that  all  components  of  turbulent 
energy  always  approach  q'^/3  and  do  so  at  the  same  rate.  This  is  certainly  not  true  for 
certain  stratified  flows.  Nevertheless,  it  is  inherent  in  our  choice  of  the  single  scale 

Al  . 


Let  us  consider  one  more  example  of  modeling.  Let  us  model  the  dissipation  term 


The  tensor  and  symmetry  characteristics  we  require  are  contained  in  <UiUj  >  so  we  might 
be  inclined  to  write 


(1.9) 


This  is  not  so  bad  at  low  Reynolds  numbers  but  at  high  Reynolds  numbers  we  know  that  dissi¬ 
pation  is  roughly  isotropic,  so  a  more  useful  model  is 


2vg™^^u.  u. 

"  N  1  .m  j  ,n 


(1.10) 


Let  us  assume,  for  the  time  being,  that  we  choose  as  our  models  Eqs .  (1.4),  (1.7)  and 
(1.10).  The  problems  which  now  face  us  are  still  formidable.  The  following  questions 
arise : 

a)  Can  one  choose  a  universal  relationship  between  the  A  s  and  X  ? 

b)  Assuming  one  can  accomplish  this  task,  for  example,  let  us  set  (see  Ref.  1) 

Aj  :  A  (1.11) 

Ay  =  kyA  (1.12) 

and 

=  A^/  (a  +  b  qA/v)  (1.13) 

Then  is  it  possible  to  find  a  universal  equation  for  A  ? 

(c)  If  one  cannot  find  a  universal  equation  for  A  ,  can  one  find  a  single  equation 
valid  for  a  restricted  set  of  flows  —  nonstratified,  nonswirling  shear  flows  for  example? 

(d)  Even  for  a  restricted  class  of  flows,  will  -lore  than  one  equation  be  necessary 
to  adequately  describe  the  behavior  of  the  scale  of  turbulence? 

These  are  some  of  the  questions  we  would  like  to  address  in  what  follows.  Before 
discussing  the  problem  of  scales,  it  might  be  helpful  in  this  brief  review  to  make  some 
comments  regarding  complete  versus  partial  second-order  closure. 

2.  PARTIAL  VERSUS  COMPLETE  CLOSURE 

In  the  world  of  engineering  at  the  present  time,  partial  second-order-closure  methods 
predominate  over  complete  closure  methods  by  a  significant  margin.  It  is  Important  to 
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know  what  information  is  lost  in  going  to  a  partial  closure.  In  many  cases,  the  informa¬ 
tion  lost  is  recovered  by  use  of  equilibrium  nondiffuslve  or  algebraic  stress  modeling. 

In  these  methods,  the  dynamic  equations  are  used  to  solve  for  the  turbulent  energy  q2 
and  a  scale  A  and  then  the  equilibrium  values  of  the  other  correlations  are  computed 
from  the  equilibrium  values  of  <Uj^Ui>/q^  .  This  does  not  always  give  a  proper  picture 
of  the  physics.  To  examine  this  point,  let  us  consider  two  restricted  cases  of  flow:  a 
two-dimensional  shear  layer  and  a  two-dimensional  axlsynmetric  flow.  We  will  consider 
only  the  production  terms  in  the  equations  so  that  the  phenomena  we  will  demonstrate  have 
nothing  to  do  with  modeling. 

2.1  Two-Dimensional  Shear  Flow 

The  appropriate  equations  for  the  substantive  derivative  of  the  pertinent  second- 
order  correlations  are 


Streamwlse  fluctuations 

Duu 

Dt" 

-2<uv>|f 

(2.1) 

Fluctuations  in  the  direction  of 
mean  vorticity 

Dww  ^ 
Dt 

0 

(2.2) 

Normal  fluctuations 

Dw 

Dt 

0 

(2.3) 

Momentum  transport 

Duv 

Dt 

^  V  3U 

(2.4) 

We  can  see  a  characteristic  of  the  behavior  of  the  solution  by  writing 

g|^.-2<uv>|f  (2.5) 

Using  the  operator  D/Dt  on  this  expression,  under  the  assumption  that  <uv>  changes 
far  more  rapidly  than  3U/3y  ,  we  have 


5^  =  -2 

Df^ 


3U  D 
3y  Dt 


<uv> 


Substituting  Eq.  (2.4)  into  (2.6)  yields 


(2.6) 


(2.7) 


We  can  see  from  Eq.  (2.7)  the  form  of  the  exponential  instability  caused  by  the  production 
terms  in  two-dimensional  shear  flows.  Let  us  take  <vv>  proportional  to  q^  ,  say 
<vv >  -  q^/3  j  then 


/^|3U/3y|t 


(2.8) 


2.2  Two-Eimensional  Axisymmetric  Flow 

The  appropriate  equations  for  this  case  are 


Streamwlse  fluctuations 

D<vv>  _ 
Dt - 

-2<uv>  i  (rV) 

(2.9) 

Fluctuations  in  the  direction  of 
mean  vorticity 

D<ww>  _ 
Dt - 

0 

(2.10) 

Normal  fluctuations 

lKuu>  . 
Dt 

4  <uv>  p 

(2.11) 

Momentum  transport 

DW.  - 

Dt 

-<uu>i  (rV)  +  2<vv>^ 

(2.12) 

2 

Consider  now  an  approach  using  q  : 

-2<uv>(|X  -  1)  (2.13) 

This  looks  very  much  like  Eq.  (2.5).  We  get,  upon  operating  as  before  and  substitution 
of  Eq.  (2.12) 
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(2.14) 


O 

We  mighc  be  inclined  again  to  put  (as  before)  <uu>  =  <w>  =  q  /3  in  which  case  we 

would  get 

,  ,  /^|OV/3r)  -  V/r|t 

q  =  qo  e  (2.15) 

which  is  just  like  Eq.  (2.8)  with  the  deformation  rate  3U/3y  replaced  by  the  deformation 
rate  3V/3r  -  V/r  .  But  this  result  is  incorrect, as  can  be  demonstrated  by  operating  on 
Eq.  (2.12)  with  D/Dt  and  substituting  Eq.  (2.9)  and  Eq .  (2.11)  for  D<w>/Dt  and 
D<uu>/Dt  .  If  these  operations  are  carried  out,  one  obtains 

=  -8^1^  (rV)  <  uv  >  (2.16) 

Dt^  r  3r 

If  we  write  V  in  terms  of  the  circulation,  that  is 


V  =  r/2iir 


then  Eq.  (2.16)  becomes 


<  uv> 
Dt^ 
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1  ar  /  V 
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(2.17) 


(2.18) 


From  Eq.  (2.18)  we  see  that  the  character  of  turbulent  production  is  markedly  different 
depending  on  whether  3r^/3r  is  positive  or  negative.  If  3r^/3r  >0  in  a  free  vortex, 
the  flow  tends  to  be  stable.  If  3r2/3r  <0  in  a  free  flow  (the  edge  of  a  propeller 
wake),  the  flow  tends  to  have  Taylor-like  vortical  instabilities. 

The  purpose  of  the  above  discussion  is  to  warn  the  engineer  unfamiliar  with  second- 
order-closure  methods  concerning  the  use  of  these  techniques  whenever  the  unmodeled 
production  terms  tend  to  admit  oscillatory  solutions  for  the  transport  correlation. 

3 .  SCALE  MODELS 

V'e  should  point  out  again  that  the  discussion  in  Section  2  was  independent  of 
modeling  although  the  exact  details  of  a  given  solution  do  depend  on  the  details  of  the 
model  used.  In  general,  models  today  have  an  equation  for  q^  or  for  all  the  independent 
components  of  <UiUj>  and  an  equation  for  the  scale  A  or  for  the  dissipation  e  which 
at  high  Reynolds  number  is  proportional  to  q^/A  (as  may  be  seen  by  combining  Eq.  (1.10) 
with  (1 . 13) )  . 

We  would  now  like  to  address  the  question  of  whether  or  not  it  is  possible  to 
construct  a  single  universal  scale  equation.  Intuitively,  one  might  guess  that  this 
would  be  impossible,  and  computationally  one  finds  that  the  "constants"  in  the  scale 
equations  that  are  used  can  be  adjusted  to  give  better  results  if  a  certain  set  of 
constants  is  used  for,  say,  two-dimensional  jet  flows  and  another  set  is  used  for  axisym- 
metric  jet  flows.  There  are  a  number  of  ways  in  which  this  problem  might  be  addressed 
but,  for  the  present,  we  will  consider  what  can  be  learned  from  the  use  of  a  very  simple 
tensor  scale  Aj^i  that  can  be  obtained  from  a  model  of  the  equation  for  the  two-point 
correlation  tensor  R^j  ; 


=  <Ui(x)Uj  (>::)>  (3.1) 

with 

R.j(x,x)  =  <u.Uj>  (3.2) 


The  scale  that  we  shall  consider  is 


Aij(x^)  = 


3 

T 

q 


/ 


Ri^(x^.r) 

■  17““ 


dr 


(3.3) 


Here,  t  =  -  x  and  Xj,  ”  (x  +  y)/2  .  This  definition  i&  by  no  means  ideal  for 

describTng  the  structure  of  an  eddy,  but  it  does  give  some  information  about  the  structure 
of  a  turbulent  flow  and,  as  we  shall  see,  will  help  make  specific  some  of  the  shortcomings 
of  a  single  universal  scale  equation. 


To  obtain  a  differential  equation  for  A^j  ,  we  take  three  steps: 

a)  Develop  a  closure  model  for  the  Rj^j  equation  so  that  when  y  ->•  x  ,  we  obtain  our 
standard  <  uj^uj  >  equation. 

b)  Substitute  into  the  closed  R^j  equation  the  moment  expansion 
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“  M°j4„r^6(r)  -  IfT  + 


(3.4) 


Note  that  by  integrating  over  all  r  ,  one  finds 

4  hi 


ij 


(3.5) 


c)  Integrate  term  by  term  over  all  r  in  the  modeled  equation. 

A  simple  choice  for  a  modeled  Rii  equation  with  which  we  have  some  experience 
(Ref.  2)  yields 


^ik  3x,. 


Ir(Ai)  - 


3U, 


+  A. 


jk  3Xj^ 


+  V 


V  A. .  + 

^2  A  ij 


■  ^  (^ij 


2bq36. 


tj 


(3.6) 


where  A 
equation. 


is  the  single  scale  utilized  in  the  standard  model  and  in  the  universal  scale 
We  identify  A  as  follows: 


=  5  \k 


(3.7) 


because  for  locally  isotropic  turbulence,  A  =  2Lf/3  where  Lf  is  the  Taylor  longitudinal 
scale,  a  relation  supported  by  analysis  of  a  number  of  flows.  Taking  the  trace  of  Eq. 

(3.6)  and  subtracting  the  equation  for  q2  ,  we  find  the  rate  equation  for  A  ,  namely. 


iA  u  i- 

3t  “k  3x. 


qA  (q^A) 


3x,. 


A  ^ 


+  v. 


-  (3.8) 

Here  we  note  that  the  coefficient  of  the  production  term,  which  is  underlined  in  the 
above  equation  and  which,  by  the  way,  is  not  a  modeled  term,  is  not  a  constant  as  has  been 
assumed  in  many  of  the  universal  scale  equation  models. 

To  cast  Eq .  (3.8)  into  a  form  more  like  one  of  the  universal  scale  equations  in  use 
today,  we  will  assume  that  the  structure  of  Ajj  depends  linearly  on  the  anisotropy  of 
the  turbulence  through  a  parameter  a  .  This  is  a  very  restrictive  assumption  but,  as  we 
shall  see,  some  interesting  results  can  be  gleaned  from  its  use.  Substituting 

.2  3 


‘ij 


6ij  +  o 


(3.9) 


into  Eq.  (3.8),  we  obtain 
3A 


3t 


u  ,  .2(0 


3x. 


qA  §3^  (q^A) 


-  A 


9x. 


V  q 
<=2 


(3.10) 


We  may  also  obtain  an  equation  for 


from  Eq8.(3.6)  and  (3.8).  It  is 

<^u  u  ^  3U 
N  m  n^  m  . 


K  *  \  ■  of  ,V3 


3x 


3A 

3x 


k  J 


(3.11) 


A  lesson  to  be  learned  from  Eqs .  (3.10)  and  (3.11)  is  that  the  structure  of  turbulent 
■:  »»  In  different  types  of  mean  flow  mitigates  against  the  use  of  a  universal  scale 
r  snd  that,  at  the  very  least,  a  second  equation  is  needed  to  determine  the 
•  ■■Arr"  rhat  appears  in  the  A  equation;  i.e.,  the  factor  -2|(o/3)  -1|  It  is  not 
’  proceed  in  this  approximate  manner,  however,  since  Eq.  (3.6)  is  a  perfectly 
.«•  ;  nn  for  all  components  of  the  tensor  A^j  . 

.•  »«ion  to  be  learned  from  Eqs,  (3.10)  and  (3.11)  is  that  there  can  be  no 
.  -1.  Mhrlum  solutions  to  the  equation  for  A  .  This  seems  reasonable  since 


n 

2S-6 


A  grows  at  the  rate  of  development  of  the  mean  flow,  and  this  time  scale  is  slow  so  that 
equilibrium  solutions  are  not,  in  general,  possible.  On  the  other  hand,  there  is  a  non- 
diffusive  equilibrium  solution  to  the  o  equation  for  any  given  type  of  flow.  We  inter¬ 
pret  this  to  mean  that  the  structure  is  able  to  quickly  distinguish  what  it  ought  to  be 
for  a  given  type  of  flow,  while  the  actual  scale  is  only  determined  by  the  development 
of  the  particular  mean  motion. 


It  is  instructive  to  examine  our  equation  for  o  somewhat  further,  although  it 
should  be  remembered  that  this  approximate  equation  can  give  only  a  qualitative  picture 
of  the  real  physics.  Let  us  ask  for  the  equilibrium,  nondiffusive  solution  of  Eq.  (3.11) 
for  the  case  of  equilibrium,  nondiffusive  Couette  flow  as  determined  from  the  high 
Reynolds  number  form  of  the  equations  for  the  components  of  the  one-point  correlation 
tensor  ^Uj^Uj^  ,  namely. 


^<UiU.>  +  =  -  (U.U.)  ^  -  (UjU^)  ^  -  ^<UiU.u^>  + 

'^^<P'^i>,  +  <P“j> 


-  P 


.ij 


2b  .  al 

T  ^ij  A 


(3.12) 


The  equilibrium,  nondiffusive  solutions  are  (for  b  =  1/8) 


<uu> 

=  0.50 

(3.13) 

<vv>  _ 

^  =  0.25 

q 

(3.14) 

II 

-0.177 

(3.15) 

q 

1  -  2b  _  0 

(3.16) 

A(3U/3y) 

3b  ^ 

Since  the  term 

4 

_ a _ _ 

<UiUj><UiUj>r7V3 

in  Eq.  (3.11)  turns  out  to  be  positive  when  it  is  evaluated  using  Eqs .  (3 . 13) - (3 . 15) ,  the 
only  non-negative  solution  for  o  permitted  in  this  case  is  0=3.  Thus,  for  homogen¬ 
eous  shear  flows,  we  might  expect  the  term  in  front  of  the  production  term  in  the  scale 
equation,  Eq.  (3.10),  to  be  zero.  In  actual  practice,  the  term  -2(o/3  -  1)  is  taken 
equal  to  0.35  for  two-dimensional  shear  layers.  This  implies  a  o  of  2.48.  In  the 
section  which  follows,  we  will  show  that  indeed  the  correct  value  of  o  for  a  developing 
homogeneous  shear  flow  is  3.  What,  according  to  Eq.  (3.11), is  the  cause  for  the  lowered 
value  of  a  generally  used  in  nonhomogeneous  flows?  It  appears  that  a  principal  contri¬ 
bution  to  the  value  of  o  is  the  diffusion  term.  It  is  not  surprising  then  that,  if  one 
were  to  consider  a  two-dimensional  and  an  axisymmetric  jet,  one  would  expect  to  use  a 
different  o  in  the  two  cases.  This  is  because  the  effect  of  diffusion  is  quite  different 
in  these  two  cases. 


4.  HOMOGENEOUS  FLOWS  WITH  COUPLED  STRESS  AND  TENSOR  SCALE  EQUATIONS 

In  this  section,  we  give  two  analytic  solutions  to  the  coupled  equations  for  the  stress 
tensor  and  scale  tensor  equations.  The  second  solution  will  be  compared  in  some  detail 
with  experimental  results  as  well  as  results  obtained  using  more  conventional  approaches. 

4.1  Equations  in  Standard  Coordinates 

The  centroid  vector  and  mean  velocity  vector  are  taken  to  have  components 

(x,y,z)  ,  (U(y),0,0) 

with  3U/3y  »  U'  =  constant.  The  relevant  components  of  the  Reynolds  stress  equations  are 
obtained  from  Eq.  (3.12).  There  is  a  useful  form  for  numerical  integration  in  which 
\^iy  ai'd  Aj^j^  are  calculated  from 

(^l  -  (»2^)  -(^3)  (^1) 


A 


11 


22  ■  '^33 


3A  -  A 


(4.2) 


The  other  relevant  components  of  the  stress  and  energy  equations  are 

It  5-  -  2b)  ^  -  ^{'^2) 

|^(a32>.l  (l-2b)^-a^U32> 

It  <  V2>  =  -  K'^1"2> 

|£  =  -^V!2>u.  .  b  ^ 

3t  q  A 

For  the  tensor  scale  components,  we  obtain,  using  Eqs.  (3.6),  (3.10)  and  (3.12), 

If  A22  =  -  f  A22  +  (1  -  2b)q 

Ft  ^33  “  '  T  ^33  '  2b)q 

3f  Ai2  =  -  ^  Ai2  -  U’A22 

A  =  2  -^2  '  ^  '  5  ^12^^  ''■‘I  ( 

where 

1 

I  =  -2  >  ^ -  U’  +  I  (1  -  2b  -  v')  ( 

q 

and  we  have  shortened  our  notation  by  writing  Vc2  “=  v' 

A. 2  Solution  of  the  Shearless  Equations 

Setting  U'  “  0  ,  we  see  that  equations  for  q  and  A  decouple  from  the  tensor 
components.  Introducing  the  deviators 

j  \  -  1  X  / 


'‘ij  =  <«i«j>  -  J  «ij'’ 


and  the  time 


we  have  the  set 


D.  .  =  A.  .  -  4  «.  -  A,  . 
ij  ij  3  ij  kk 


3  b  3  v'  , 

at  q  »  -  7  q  .  at  =  —  a 


3  j  _  b  j  3  1^ 

3t  °ij  T  ‘^ij  •  3t  ^ij 


1  -  2b  -  V ' 


Integrating  Eq.  (A. 17)  as 


If  T  -b  +  V 


T  -  (b  +  v')(t  -  tn)  + 


0'  qo 


see  that  q  ,  A  ,  dj^j  and  Dj,j  are  suitable  powers  of  (qQ/Xp)!  ;  for  example, 

r  '>0  -|-w(bAV) 

q  ■  qo  (b  +  V)  ^  (t  -  to)  +  1  ( 
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d.  .  =  d. . 
ij 


A  =  A, 


-,-l/(b+v’) 


(b  -t-  v’)  ^  (t  -  Cq)  1 


-i-v’/(b+v’) 


(b  V*)  ^  (t  -  t.)  1 


(4.20) 

(4.21) 


A  good  fit  to  experimental  data  on  the  decay  of  turbulent  energy  and  the  growth  of 
eddy  size  for  grid  turbulence  is  obtained  if  one  chooses 


b  =  1/8  ,  v'  =  0.075 


We  then  see  that  for  large  times 


q 


2 


(4.22) 

(4.2.3) 

(4.24) 


which  shows  that  the  deviator  decays  with  a  power  about  four  times  larger  than  the  energy. 
This  substantial  difference  may  eventually  be  checked  in  our  anisotropic  grid  flow. 


4.3  An  Exact  Solution  of  the  Equations  with  Shear 

To  obtain  a  solution  of  the  equations  with  shear  that  is  an  asymptotic  solution 
valid  at  times  when  initializing  transients  have  disappeared,  we  let 


q 

=  V 

A 

=  L  e^"'^ 

<^lO 

.=  W3  e2^U’^ 

■'ll 

=  L3  e«^'^ 

=  W2 

A22 

=  4 

<U3'> 

-  W3  e2^U-t 

'33 

=  L3  e-«’^ 

U1U2  > 

=  W^  e2aU't 

'12 

Substituting  these  forms  into  the  appropriate  differential  equations,  we  find  that 
the  exponentials  cancel  and  that  an  algebraic  set  of  equations  for  the  amplitudes  is 
obtained.  It  is  possible,  with  some  algebra,  to  solve  the  amplitude  equations  explicitly 
in  terms  of  the  parameters  b  and  v'  .  The  energy  components  are  (with  b  =  0.125  and 
v'  =  0.075) 


The  scale  components  are 


1  6v’  -f  4b 

3(1  -I-  2v') 


0.565 


1  -  2b  1 

“T  3  1  -t-  2v' 


0.217 


(4.26) 


(4.27) 


1  -f  6v'  4b 
- 1  4-  2v' — 


1.696 


(4.28) 


We  see  that 


The  off-diagonal  components  are 


^33  1  _  2b 

■  ir  '  n^Tv^ 


0.652 


1  +  6v’  +  4b 
- 1  -  2b - 


2.60 


-<"l“2>  _ 
“ — ~2 - 


(4.29) 


(4.30) 


Br  = 


1 

■  l-f2v' 


0.194 


(4.31) 
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The  Corrsin  parameter  is 


nr  "  •  /  3(i  - 2b)(b+v')  -  -0.194 


The  ratio  of  the  two  times  is 


3(b  +  v‘) 
•-<-  gb  4  6v' 


(4,32) 


(4.33) 


^  “  cr^  ■■  rrn 


1  -  2b 


(4.34) 


and  the  growth  rate,  a  ,  is 


a  “  v'  — 
a 


1  -  2b 


We  notice  two  additional  interesting  parameters: 


(4.35) 


<(^l“2^U'A 


=  a*Br  =  b4v*  ■=  0.200 


(4.36) 


/  U.U.N  , 

-  1  6 

q2  3  ij 


(4.37) 


As  we  have  noted  in  the  previous  section,  this  last  condition  is  equivalent  to 
0=3.  Also  note  that  for  this  coupled,  asymptotic,  convective  solution  that  ratios  of 
<U:j^Uj>/q2  and  the  Bradshaw  number  <uj^U2>/q2  and  the  value  of  q/(A3U/3y)  have  been 
modified  slightly. 

4.4  Comparison  with  Experimental  Results 

It  is  now  appropriate  that  we  consider  the  agreement  between  these  theoretical 
results  just  obtained  and  experimental  measurements.  The  measurements  we  will  make  use 
of  are  those  of  Harris,  Graham  and  Cousin  (Itef.  3).  Ji,gure  4.1  is  Figure  3  from  Refer¬ 
ence  3.  It  shows  the  grov/th  in  \Uj2>,  ^*^2/  and  ^u-‘ ^  in  a  constant  shear  flow. 


was  1240  cm/sec,  U'  =  dV/dy 


30.48  cm. 


For  these  measurements,  Ug  was  1240  cm/ sec,  U'  =  3U/9y  =  48  sec*^  and  h  =  30.48  cm. 
Also  shown  in  the  figure  is  the  behavior  of  the  Corrsin  number 

-  <''i''2> 

Since  we  expect,  after  an  initial  transient,  that  the  flow  adjusts  to  an  exponential 
solution  with  certain  parameters  constant,  we  plot  faired  results  from  Figure  4.1  in  semi- 
logarithmic  form  in  Figure  4.2.  It  is  apparent  from  Figure  4.2  that  an  exponential  solu¬ 
tion  has  been  reached  at  an  x/h  of  approximately  8.  We  note  that  the  growth  rates  in 
terms  of  x/h  may  be  written 


W>  .  <u/>  .<U32>> 


2a  x/h 
,  c 


On  the  figure  we  have  indicated  the  a^'s  that  best  fit  each  curve.  An  average  of  these 
values  gives  a^  ”  0.087  or,  let  us  say,  ar  “  0.09.  To  compare  these  results  with  the 
theoretical  results  just  given,  we  must  multiply  ac  by  U{./hU'  =  0.848  which  gives 
a  ”  0.076.  This  is  not  in  bad  agreement  with  the  theoretical  value  of  0.0729. 

A  program  has  been  written  to  solve  the  full  set  of  coupled  <  Uj^Uj  >  and  A^j 
equations,  namely,  Eqs.  (4.1)  through  (4.18)  and  the  result  of  a  computation  of  q  verst 
both  dimensional  time  and  nondimenslonal  time 


X  /'x\\hU’ 

F  -  UJoJ-in 


(4.38) 


is  given  in  Figure  4.3.  It  is  seen  that  although  the  growth  rate  of  q  is  well  predicted 
the  actual  values  of  q  are  some  20%  in  error  and  remain  so  in  the  asymptotic  region  of 
the  solution.  This  is  not  good  but  we  will  discuss  a  possible  cause  of  this  error  after 
we  have  exhibited  the  agreement  between  experimental  results  and  all  the  parameters  we 
have  derived  for  the  exponential  behavior  of  a  homogeneous  shear  flow.  These  comparisons 
are  shown  in  the  second,  third  and  fourth  columns  of  Table  4.1. 

It  is  not  difficult  to  show  that  other  simpler,  second-order  models  of  turbulent  flow 
have  exponential  asymptotic  solutions  in  the  case  of  homogeneous  shear  flow.  In  Table  4.1 
we  also  show  the  theoretical  results  for  the  following  models: 
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a)  A  full  closure  in  Che  case  of  the  <uiUj>  tensor  and  the  singla  scale  equation 


^  =  0.35  <  uv>  U'  -f  v'q 

q 

(4.39) 

b)  A  q  -  A  model  constructed  from 

^  =  .  <uv>  n.  .  ^ 
dt  q  “  A 

(4.40) 

^  =  0.35  <  uv>  U'  +  v'q 

(4.41) 

q 

together  with  the  assumption  that 

<uv>  =  -0.33qAU' 

(4.42) 

Table  4.1  Comparison  of  Theoretical  Predictions  and  Experimental  Results 
for  the  Asymptotic  Solution  of  Homogeneous  Shear  Flow 

Theory 


Parameter 

Experiment 
(x/h  =  11) 

Full  Closure 
Tensor  Scale 

Diff . 
% 

Full  Closure 
Single  Scale 

Diff. 

1 

q  -  A 
Model 

Diff 

1 

Br  =  -  ^ 

q 

.149 

.1944 

251 

.1839 

19% 

.221 

33% 

Co  =  -<""> 
/<uu><vv> 

.47 

.5547 

16 

.5207 

10 

NA 

- 

q/AU' 

.67 

.972 

35 

1.242 

46 

1.492 

55 

a 

.076 

.0729 

4 

.0287 

165 

.0345 

120 

<uu>/q^ 

.502 

.5652 

11 

.5220 

4 

NA 

- 

<vv)/q^ 

.199 

.2174 

8 

.2390 

17 

NA 

- 

2 

<ww>/q 

.299 

.2174 

38 

.2390 

25 

NA 

- 

<w>  +  <ww> 

.498 

.4348 

14 

.4780 

4 

NA 

- 

4.5  Discussion  of  Results 

An  examination  of  Table  4.1  is  instructive.  First  of  all,  the  tensor  scale  model, 
with  only  two  adjustable  constants  which  were  set  from  an  experiment  on  grid  turbulence, 
seems  to  do  the  best  overall  job.  It  gives  by  far  and  away  the  best  prediction  of  asymp¬ 
totic  growth  rate.  The  single  scale  model  as  normally  used  (which  has  the  added  para¬ 
meter  c  ”  0.35)  is  pretty  good  on  all  quantities  except  q/AU'  and  the  growth  rate,  where 
it  is  very  poor  indeed.  The  approximate  q  -  A  model  which  has  still  another  adjustable 
parameter  does  least  well  for  the  parameters  chosen  which  are  typical  of  those  boundary- 
layer-like  flows. 

A  most  interesting  result  is  found  if  we  make  the  assumption  that,  as  indicated  by 
the  theoretical  developments  we  have  presented,  the  "constant"  in  the  simple  scale 
equation  should  be  zero  and  not  equal  to  0.35  for  homogeneous  shear  flows.  If  we  do 
assume  c  ”  0  in  this  formulation  and  find  the  asymptotic  values  of  the  basic  parameters 
for  homogeneous  shear  flow,  we  obtain  almost  the  same  values  of  the  parameters  that  were 
obtained  using  the  tensor  scale  equation.  This  is  not  surprising  since  the  two  formula¬ 
tions  are  now  very  similar.  However,  it  must  be  remembered  that  it  was  the  tensor  scale 
equation  which,  when  solved  for  homogeneous  shear  flow,  showed  that  the  production  term 
should  disappear  from  the  scale  equation. 

If  one  puts  c  “  0  in  the  q  -  A  model  we  have  concocted,  the  growth  rate  and  the 
Bradshaw  number  become  too  large  (0.0963  and  0.257,  respectively)  while  the  parameter 
q/AU'  drops  to  1.284  (which  is  not  a  great  improvement). 

What  we  really  don't  like  about  the  present  theoretical  results  are  the  disagreements 
between  the  theoretical  and  experimental  values  of  the  Bradshaw  number  and  q/AU'  .  In 
addition,  the  improper  partitioning  of  the  energies  is  bothersome.  We  believe  the  two 
problems  are  closely  related  and  that  a  tendency-towards- isotropy  that  consists  of  more 
than  the  Rotta  tensor  that  was  used  in  these  calculations  is  essential.  It  is  clear  that 
the  asymptotic  solutions  of  the  coupled  full  closure  and  censor  scale  equations,  together 
with  experimental  data  such  as  that  we  have  just  been  using,  provide  an  excellent  frame¬ 
work  within  which  to  study  this  problem. 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 


In  the  previous  sections  we  have  reviewed  some  of  the  characteristics  of  second-order 
modeling  as  it  is  currently  used.  One  of  the  primary  criticisms  of  these  methods  has 
been  that  they  take  no  account  of  the  structure  that  can  be  found  in  turbulent  fields  by 
modem  instrumentation.  We  have  given  an  outline  of  how,  by  the  use  of  a  simple  defini¬ 
tion  of  tensor  scale,  second-order-closure  models  might  be  extended  to  take  account  of 
information  on  structure  that  can  be  gleaned  from  the  two-point  correlation  equations. 

The  tensor  scale  used  is  certainly  not  ideal  for  this  purpose,  but  it  was  used  not  only 
because  we  are  familiar  with  it  but  also  it  Illustrates  many  features  that  will  be 
exhibited  by  any  other  definition  of  tensor  scale. 

We  believe  we  have  demonstrated  two  things  in  the  results  presented. 

First,  we  believe  we  have  shown  that  there  really  cannot  be  such  a  thing  as  a  univer¬ 
sal  scalar  scale  equation.  Hence,  we  believe  that  any  steps  taken  to  improve  second- 
order-closure  methods  in  the  future  must  include,  among  other  things,  the  derivation  from 
appropriate  models  of  the  two-point  correlation  tensor  equations  multiple  scales  which 
will  give  some  indication  of  the  structure  of  the  turbulent  eddies  that  exist  in  a  given 
mean  flow.  The  method  we  have  used  here  defines  a  tensor  scale  and  uses  a  moment  expan¬ 
sion  to  look  at  some  general  features  of  the  structure  problem  that  can  be  derived  from 
a  particular  definition  of  tensor  scale.  The  method  is  a  good  approximation  for  homogen¬ 
eous  flows.  It  is  less  justifiable  for  nonhomogeneous  flows.  However,  we  believe  that, 
at  the  present  time,  it  bears  a  relation  to  a  more  complete  formulation  much  like  eddy 
viscosity  methods  bear  to  more  complete  formulation  for  calculating  the  Reynolds  stress 
correlation  <Uj^Uj>  . 

Second,  we  believe  that  we  have  shown  that  the  homogeneous  shear  experiments  are  very 
powerful  tools  for  the  modeler.  We  believe  that  they  do  indeed  have  asymptotic  solutions 
that  are  exponential  and  that  when  the  asymptotic  state  is  reached  certain  nondimensional 
parameters  become  constant.  Since  the  asymptotic  value  of  these  parameters  can  be 
computed  from  a  given  model  (see  Eqs.  (4.31)  through  (4.37),  the  experimental  results  are 
an  extremely  useful  tool  for  the  development  of  valid  models.  One  reason  the  measured 
values  of  these  parameters  are  so  useful  is  that  they  are  independent  of  initial  condi¬ 
tions  and,  in  the  past,  arguments  over  initial  conditions  have  been  used  to  cover  a 
multitude  of  modeling  sins.  On  the  other  hand,  with  homogeneous  flows,  the  modeler  may  be 
able  to  help  the  experimentalist.  If  one  looks  at  the  data  for  the  longitudinal  integral 
scale  Lf  in  Ref.  3,  one  is  hard  pressed  to  fit  an  exponential  growth  rate  derived  from 
that  appropriate  for  all  the  other  measured  variables  to  these  data.  It  is  hard  to 
conceive  of  a  solution  that  is  linear  in  Lf  and  exponential  in  all  other  quantities 
except  the  microscale  which  should  (according  to  theory)  be  constant  and  according  to 
experiment  is  almost  so.  Therefore,  one  can  pose  the  question,  "Are  the  reported  scale 
data  really  correct?" 

Perhaps,  having  posed  this  question,  we  should  bring  this  discussion  to  a  close  on 
the  well-known  basis  that  it  is  alright  for  an  experimentalist  to  question  a  modeler,  but 
it  is  not  appropriate  for  a  modeler  to  question  an  experimentalist.  Our  own  feelings  are 
that  there  should  be  more  cooperation  between  modelers  and  experimentalists  than  is 
evident  at  present.  Be  that  as  it  may,  we  cannot  bring  this  paper  to  a  close  without  a 
plea  to  those  who  would  support  experimental  work  to  continue  to  support  detailed  studies 
of  homogeneous  shear  flows  both  in  unstratified  and  stratified  media.  We  believe  that 
such  studies,  when  combined  with  efforts  to  calculate  such  flows,  will  rapidly  advance 
our  understanding  of  turbulent  shear  flows  and  our  ability  to  handle  these  flows 
computationally. 
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SUMMARY 

A  three-dimensional  mathematical  model  of  the  basic  V/STOL  jet,  and  the  flow  in  the 
associated  near-field,  is  constructed  using  a  formal  order-of-magnitude  analysis.  This 
produces  a  parabolized  approximation  to  the  steady,  time-averaged,  three-dimensional  Navier- 
Stokes  equations  for  a  turbulent  subsonic  flow.  A  continuity-constraint  finite  element 
numerical  solution  algorithm  is  identified,  which  independently  enforces  ordered  phenomena 
for  solution  of  the  equation  system  including  transport  equations  for  turbulence  kinetic 
energy  and  dissipation  parameters.  The  numerical  solution  of  the  established  equation  sys¬ 
tem  yields  prediction  of  core  vortex  roll-up,  far-field  deflection  of  the  cross-flow,  near¬ 
field  entrainment  of  the  cross-flow  into  the  jet,  and  wake  flow  reversal  with  additional 
entrainment  into  the  jet  core.  The  primary  causal  mechanism  is  computationally  assessed 
to  be  the  turbulence  interaction  on  the  upstream  face  of  the  jet,  as  verified  by  results 
from  a  range  of  computational  experiments.  The  results  of  these  computational  studies, 
and  the  associated  algorithm  procedures  are  summarized  in  this  paper. 

1.  INTRODUCTION 

The  injection  of  a  high-velocity  jet  of  exhaust  (or  air),  at  essentially  right  angles 
to  the  aerodynamic  surface  and  to  the  cross-flow  induced  by  the  aircraft  forward  flight, 
produces  an  extremely  complicated  three-dimensional  flow-field  which  can  significantly  im¬ 
pact  aerodynamic  performance.  The  transverse  jet  is  fundamental  to  many  physical  processes, 
including  V/STOL  aircraft,  and  has  been  the  subject  of  wide-ranging  experimentation  and 
linearized  theoretical  analyses.  The  premier  theoretical  study  was  reported  in  the  disser¬ 
tation  of  Chang  [1],  who  employed  potential  flow  theory  and  bound  vortex  filament  concepts 
to  predict  the  shape  of  the  separation  boundary  between  a  uniform  onset  flow  perpendicular 
to  a  cylindrical  jet.  The  basic  concept  of  viscous-corrected  potential  flow  theory  has 
been  extended  and  refined  to  a  great  extent,  c.f.,  [2,3].  Jordinson  [4]  conducted  pioneer¬ 
ing  experiments  on  a  cold,  circular  V/STOL  jet  that  confirmed  the  horse-shoe  cross-section 
contours  predicted  by  the  potential  flow  models.  However,  his  results  also  confirmed  that 
the  V/STOL  jet  entrained  portions  of  the  injection  plane  boundary  layer  into  the  wake  re- 

?ion  behind  the  jet.  This  is  not  characteristic  of  a  jet  issued  from  an  isolated  orifice 
5],  and  is  perhaps  the  consequential  contributor  to  alterations  of  V/STOL  aerodynamic 
characteristics. 

The  observations  from  Jordinson's  data  prompted  considerable  additional  experimenta¬ 
tion,  c.f.,  [6-12].  McMahon  and  Mosher  [8]  obtained  oil  flow  streaklines  on  the  injection 
plate  that  graphically  illustrated  the  pronounced  difference  between  a  circular  V/STOL  jet 
and  the  equivalent-diameter  solid  blockage.  For  the  latter,  the  upstream  and  downstream 
Center-line  stagnation  points  are  connected  by  an  apparent  inviscid  flow  streamline.  The 
exterior  flow  is  blockage  deflected,  while  the  flow  interior  to  this  streamline  forms  a 
closed  recirculation  zone.  The  streaklines  for  the  V/STOL  jet  exhibited  detailed  and  sig¬ 
nificant  differences,  except  in  the  upstream  stagnation  region  (indicating  blockage-domi¬ 
nance).  Past  mid-jet,  the  V/STOL  surface  flow  is  directed  almost  radially  inwards.  Down¬ 
stream  of  mid- jet,  two  streamlines  are  symmetrically  oriented  separating  the  complex  wake 
interior  flow  from  the  deflected  free-stream.  The  incoming  streamlines,  which  divide  the 
the  flow  region  into  entrained  or  deflected  segments,  intersect  the  downstream-dividing 
streamlines  symmetrically,  and  a  weak  stagnation  line  appears  to  connect  these  two  points. 
Figure  1,  from  [9],  clearly  delineates  the  near  wake  streakline  pattern. 

Pitot-static  pressure  measurement  of  the  basic  V/STOL  jet  three-dimensional  flowfielo 
has  yielded  mean  flow  characterization  well  downstream  of  the  plane  of  injection,  c.f., 
[10-12].  Figure  2  illustrates  the  essential  geometry  and  coordinate  system  descriptions, 
and  "far-field"  is  nominally  the  region  Xi/D  >  5,  where  D  is  the  jet  original  diameter. 

Mosher  [10]  concludes,  for  an  incompressible  circular  jet,  that  entrainment  is  the  princi¬ 
ple  jet  bending  mechanism  as  the  velocity  ratio  A  =  PjBj/p„U^  increases.  For  the  A  =  8 
circular  jet,  Kamotani  and  Greber  [11]  determined  the'^locus  of  planes  with  unit  normal  paral¬ 
lel  to  Xi.  Resolution  -of  the  local  velocity  vector  into  scalar  components  in  the  local 
Xj  coordinate  system  renders  visible  the  jet  cross-section  shape  and  the  transverse  counter¬ 
rotating  vortex.  Figure  3,  from  [11]  shows  the  symmetric  half-plane  distribution  of  axial 
velocity  for  the  A  =  8  circular  jet  at  stations  Xi/0  «  7  and  Xi/D  =  23,  illustrating  the 
hallmark  "kidney"  shape.  Since  the  jet  orifice  is  axisymmetric ,  a  characteristic  of  the 
V/STOL  jet  in  cross-flow  appears  as  a  preferential  erosion  of  the  potential  core  in  the 
near  wake  region,  producing  an  off-plane  double  maxima.  Figure  3c)  shows  the  transverse 
plane  velocity  vector  distribution  at  Xi/D  =  23;  the  vortex  center  is  coincident  with  the 
extremum  axial  velocity.  Figure  3b).  Additional  data  [12]  for  the  A  *  8  circular  jet  con¬ 
firms  the  centered  doubl j-vortex  structure  as  near  to  the  plane  of  injection  as  X./D  =  5.2. 
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These  far-field  data  have  been  examined  for  similitude  [12];  the  definition  of  jet  far- 
fieid  centerline  trajectory  over  a  range  of  velocity  ratios  is  well  correlated. 

The  physical  size  of  the  pitot-static  apparatus  has  generally  precluded  data  acqui¬ 
sition  closer  to  the  injection  plane  than  Xi/D  =  5,  although  it  has  been  attempted  [13]. 
Additional  experimental  characterization  of  the  basic  V/STOL  jet  has  thus  been  limited  to 
measurement  of  pressure  distributions  on  the  plate  forming  the  injection  plane  [10-12, 

14-15].  Generally,  the  upstream  pressure  distribution  appears  analogous  to  potential  flow 
about  a  solid  cylinder,  confirming  the  oil-flow  streakline  data.  However,  an  extensive 
low  pressure  region,  downstream  and  aft  of  mid-jet  is  a  persistent  characteristic  of  the 
flat-plate  V/STOL  jet,  yielding  a  (the)  significant  aerodynamic  influence,  since  in  reality 
the  injection  plane  is  an  aerodynamic  surface.  Alternative  jet  cross-sections  and  shapes 
modify  the  details  of  the  associated  pressure  distribution  [15],  but  do  not  alter  the 
basic  characterization. 

A  computational  experiment  [16],  has  assessed  the  key  causal  mechanism  of  the  low 
pressure  region.  A  porous  aerodynamic  contour  was  assumed  to  exist,  surrounding  the  jet 
and  separating  the  region  of  transverse  flow  affected  primarily  by  blockage  from  that  domi¬ 
nantly  influenced  by  entrainment.  Computational  experiments  were  conducted  to  optimize 
agreement  of  computed  surface  pressure  coefficient  with  experimental  data  on  the  airfoil 
image  on  the  injection  plate.  The  computational  experiments  confirmed  that  the  large  low 
pressure  region  was  the  direct  consequence  of  the  entrainment  character  of  the  V/STOL  jet. 

Fundamental  insight  into  the  dominant  fluid  dynamic  mechanisms  of  the  V/STOL  jet  in 
cross-flow  can  (only)  be  gained  by  advanced  theoretical  and  computational  (as  a  sub-classi¬ 
fication  of  theoretical)  analyses.  The  experimental  data  have  provided  a  basic  characteri¬ 
zation.  The  farfield  velocity  measurements  confirm  the  preferential  wake  erosion  of  the 
initially-circular  jet  cross-section,  and  the  formation  of  a  vortex  pair.  The  axial  velo¬ 
city  contours  flatten  broadside  to  the  onset  flow  to  produce  a  bluff  rather  than  aerodynamic 
cross-section.  The  action  of  the  jet  is  to  induce  entrainment  of  the  injection  surface 
boundary  layer  flow,  producing  a  large  region  of  low  pressure  downstream  of  mid-jet.  How¬ 
ever,  while  these  data  provide  a  rather  substantial  mean  flow  characterization  of  the  basic 
jet,  the  dominant  causal  mechanisms  remain  little  better  defined  than  being  an  interaction 
between  the  jet  and  the  cross-flow. 

This_  paper  summarizes  a  theoretical  model  of  the  basic  turbulent  V/STOL  jet  in  cross- 
flow  geometry.  The  resulting,  highly  non-linear  system  of  three-dimensional  partial 
differential  equations,  is  amenable  to  numerical  solution  using  present-day  computer  hard¬ 
ware/firmware  systems.  A  finite  element  algorithm  is  utilized,  which  ensures  consistent 
enforcement  of  the  consequences  of  the  mathematical  assumptions  and  simplifications.  Numer¬ 
ical  results  are  presented,  confirming  the  robustness  of  the  developed  analysis  procedure 
in  predicting  each  of  the  characterizations  documented  by  the  physical  experiments  for  the 
basic  V/STOL  jet. 

2.  THOERETICAL  MODEL 

The  V/STOL  jet  in  cross-flow  configuration  is  a  completely  three-dimensional ,  turbulent 
problem  specification.  No  lower  dimensional  or  non-turbulent  analysis  can  y iel d a  si gn if  lean t 
prediction  of  the  complex  associated  flowfield  interaction.  Therefore,  there  are  only  two 
choices  for  governing  differential  equation  systems:  1)  the  steady-flow  three-dimensional 
parabolic  Navier-Stokes  equations,  and  2)  the  steady  or  unsteady  flow  three-dimensional  com¬ 
plete  Navier-Stokes  system.  Solution  of  the  complete  Navier-Stokes  system  for  a  general  tur¬ 
bulent  aerodynamic  flow,  using  adequate  grid  resolution,  is  beyond  the  capability  of  present- 
day  computer  hardware/firmware  systems.  However,  the  parabolic  Navier-Stokes  partial  differ¬ 
ential  equation  system,  for  nominally  directed,  turbulent  three-dimensional  aerodynamic  flow, 
is  solvable  on  current  computer  equipment.  This  equation  set  is  derived  as  a  simplification 
of  the  steady,  three-dimensional  time-averaged  Navier-Stokes  equations,  which  in  Cartesian 
tensor  notation  1  <  (1,j)  <  3,  and  employing  superscript  tilde  a.nd  bar  to  denote  mass-weighted 
and  conventional  tTme-averaging,  respectively  [17],  are 


(1) 

*  l3(j[®“i“j  *  P*ij  *  -  ^ij] 

*  0 

(2) 

L(5fl)  .  •^-[sHUj  -  u.;^j  t  -oiTUJ  -  17^ 

t  q .]  .  0 

(3) 

_  iui  .  . 

+  oufuj  3Xj  0^  *  0 

(4) 

L(De) 


+  C' 


”3 


(5) 


In  equation  1-5,  p  is  density,  u^  is  the  mean  velocity  vector,  p  is  pressure,  4.jj  is 

the  Kronecker  delta,  and  H  is  stagnation  enthalpy.  The  Stokes  stress  tensor  5,,  and  heat 
flux  vector  qj  are  defined  as  ^ 
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and  pu{Uj  is  the  Reynolds  stress  tensor.  The  fluid  kinematic  viscosity  and  heat  condic- 
tivity  are  v  and  <,  and  Ey  is  the  mean  flow  strain  rate  tensor 
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Equations  4-5  are  the  transport  equations  for  the  turbulent  kinetic  energy  and  isotropic 
dissipation  function,  as  obtained  using  the  closure  model  of  Launder,  Reece  and  Rodi  [18] 
for  the  pressure-strain  and  triple  correlations.  The  various  coefficients  Cg  are  model  con¬ 
stants,  Hanjalic  and  Launder  [19],  and 


k  f  lu(u{  (9) 

The  parabolic  Navier-Stokes  equation  set  (3DPNS)  is  derived  from  equations  1-10 
assuming  the  ratio  of  extremum  mean  cross-flow  velocity  component  to  axial  (jet)  component 
is  a  number  less  than  unity,  and  further  assuming  that: 
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1.  the  velocity  component  of  the  jet,  parallel  to  the  jet  path, 
suffers  no  reversal, 

2.  diffusive  transport  processes  in  the  direction  parallel  to  the  jet 
path  are  higher-order,  hence  negligible,  and 

3.  the  overall  elliptic  character  of  the  parent  three-dimensional  Navier- 
Stokes  equations  is  enforcable  through  (iterative)  construction  of  a 
sjitable  pressure  field. 


Viewing  Figure  2,  for  the  V/STOL  jet,  the  Xi  (curvil^inear)  coordinate  defines  the  jet  path 
mean  flow  direction  with  scalar  velocity  component  ui  of  order  unity,  i.e.,  0(1).  Hence, 
in  terms  of  order  of  magnitude,  0(u2)  =  0(6)  h  0(33)  and  0(6)  s  0(1).  Then,  the  continu¬ 
ity  equation  1  ensures  that  the  variation  in  ui  on  Xj  must  be  the  order  of  transverse  plane 

variations  of  U2  and  ua;  hence,  for  =  0(1),  -r-—  ^  0((  )  ^  The  order  of  terms  in 

aXi  0X2  0X3  _ 

the  momentum  equations  2  can  then  be  determined.  For  the  ui  equation,  since  0  ( riT  fu  j )  must 
be  0(5),  the  term  -I—  (pu{u{')  is  higher  order  and  discarded.  The  assumption  that  Xi-diffu- 
Sion  is  negligible  permits  setting  (Eu)  =  0,  hence  0(Re)  <  0(6  ).  Therefore,  the 

terms  in  012  and  013  involving  U2  and  U31  i.e.,  ^nd  both  0(6)  and 

negl igible. 

Deletion  of  these  terms  is  the  fundamental  step  in  the  parabolic  approximation ,  since 
their  elimination  removes  the  elliptic  boundary  value  character  in  the  direction  parallel 

to  the  jet  path.  The  existence  of  ^  (puTui),  which  is  0(1),  instills  the  initial  value 

form  for  the  resultant  equation,  hence  permits  marching  the  solution  for  ui  parallel  to 
the  jet  path  direction.  Therefore,  the  3DPNS  form,  denoted  Lb(-),  for  the  ui  momentum 
equation,  is 

lP(3ui)  s  |3^(pu.u,)  +  *  l^^l^uiu;  -  512]  +  |7^[pir7in  -  CI33]  =  0  (11) 

In  instances  of  interest  to  the  V/STOL  problem,  Xj  corresponds  to  a  curvilinear 
coordinate.  Therefore,  the  derivatives  expressed  in  equation  11  are  the  co-variant  deri¬ 
vative,  with  the  corresponding  handling  of  unit  vector  variation.  The  3DPNS  form  for  the 
energy  equations  is  constructed  in  the  same  manner,  yielding 
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Equation  12  introduces  the  30PNS  limited  index  summation  convention,  1  <  (i,j)  <  3  and 
2  <  5.  <  3 . 

For  the  ordering  analysis  applied  to  the  U2  and  U3  momentum  equations  2,  pressure 
variations  in  the  transverse  plane  must  balance  the  dominant  order  terms.  Each  trans¬ 
verse  derivative  of  puJuT  and  pu ju j  is  0(1),  while  all  other  terms  are  0(6)  and  higher. 

Hence,  in  the  primitive  form,  equation  2  for  Of  is  an  in i tial -va 1 ue  description  on  trans¬ 
verse  pressure  gradient.  The  solution  of  these  equations  is  made  tractible  by  forming  the 
divergence  of  L(pUj).  Retaining  the  0(6)  convection  and  0(6*)  laminar  diffusion  terms  for 

generality,  the  3DPNS  equivalent  of  the  transverse  momentumequations  L(pUj)  is  [20] 

%j]  '  ° 

Equation  13  defines  an  elliptic  boundary  value  problem  for  determination  of  pressure 
distribution  In  the  transverse  plane.  The  pressure  field  that  satisfies  this  Poisson  equa¬ 
tion  consists  of  complementary  and  particular  solutions. 


P(xi)  =  P^(x.)  +  Pp(x^) 


(14) 


The  complenentary  solution  is  assumed  to  satisfy  the  0(6)  inviscid  flow  phenomena. 


L(PJ  = 


3Xj3x^ 


(15) 


subject  to  the  Dirichlet  boundary  conditions  known  for  p(xi,x.).  Elsewhere,  an  appropri¬ 
ate  boundary  condition  for  Pc  is  homogeneous  Neumann.  The  particular  pressure  p  satis¬ 
fies  equation  13,  less  the  convection  term,  ^ 


L(Pp) 


3  Pr 


3x ; 


3Xj3x^ 


0 


(16) 


subject  to  homogeneous  Dirichlet  boundary  conditions  on  boundary  segments  where  p^  is  known 

The  critical  aspect  affecting  application  of  the  3DPNS  equation  set,  to  analysis  of 
the  V/STOL  jet,  is  knowledge  of  the  boundary  values  for  p(xi,x  ),  as  required  via  assump¬ 
tion  3  of  the  3DPNS  argument.  Viewing  Figure  2  the  V/STOL  jet*^is  a  fully  three-dimensional 
problem  with  elliptic  coupling  throughout  in  its  entirety.  However,  if  the  "computational 
box"  Surrounding  the  jet  and  the  near  field  flow  is  sufficiently  large  in  lateral  (X,Y)  ex¬ 
tent,  it  is  fair  to  assume  that  a  potential  flow  pressure  exists  on  segments  of  the  box 
boundaries.  Therefore,  the  validity  of  the  3DPNS  analysis  is  expected  to  be  limited  to  a 
region  "close"  to  the  injection  plate  surface,  eg.,  0  <  Xi/D  <  4,  provided  the  lateral  boun 
daries  are  sufficiently  remote.  For  the  reported  analyses,  the  boundaries  of  the  3DPNS 
simulation  were  placed  at  |x.|/D  ^  3.  The  associated  complementary  pressure  boundary  condi 
tion  p,  on  the  upstream  and  lateral  side  boundaries,  were  set  by_the  farfield  potential 
solution  for  flow  about  a  cylinder.  The  complementary  pressure  at  the  downstream  trans¬ 
verse  outflow  boundary  was  determined  using  Bernoulli's  equation,  which  admitted  reversal 
of  the  transverse  flow  and  was  compatible  with  the  lateral  farfield  potential  solution. 

A  closure  model  for  the  kinematic  Reynolds  stress  u'^Uj  appearing  in  equations  2-5  is 

required  to  complete  the  3DPNS  order  analysis.  For  a  stress-strain  rate  constitutive 
equation  [21],  the  lead  terras  of  the  kinematic  form  have  been  determined  [20,22]  as 


-17TIFJ  =  -ka^j  .  C,  .  C.C.f:  'E.,E,j.  .  .  .  (17) 

Ejj  remains  the  symmetric  mean  flow  strain-rate  tensor,  equation  8,  and  is  a  diagonal 
tensor  in  principal  coordinates. 


a 


i  j 


(18) 


The  ay  are  coefficients  admitting  anisotropy,  where  ai  s  Ci,  and  aj  ?  Cj  =  and  the 

are  defined  by  Launder  et.  al .  [18].  In  rectangular  Cartesian  coordinate  coordinates,  the 
expansion  and  ordering  of  equation  17  yields' 

0(6)  0(6^) 


-u/uf 

-u7u7 

-uTu? 


-U1U3 
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r  k^Uuil 


r  r  3Ui~t 
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l3X,JJ 

'“e  UxJ 


-  2Cv 


2c 
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^ui  (au: 

3X3  '.3X3 


faui 

+ 

(sxx 

3X:J 

-  C2C|, 


3Ul  [jUz 
3X2  [3X3 


3X2^ 


dUi  I 

3X2; 


+  o3Ui fsui  ^  3U3I 
3X3  ^3Xi  0X3] 

.  +  -^1 


(19) 


Thereupon,  recalling  the  index  convection,  1  <  i  <  3  j.id  2  <  r  <  3  the  33PNS  forms  for 
equations  4-5  are 
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3U  1 


+  DC 


LP(k)  -  *  l7:[p<Ck7>i^u'  -  ^«j4)|rj  ♦P 

lP(,)  .  |3^(pu^c)  >  |Y^[cJirr[i;  1^]  *  C‘  5777^7  ^  *  C'  :  f'  • 


(20) 

(21) 


Upon  assessment,  the  established  3DPNCi  equation  set  11-21  numbers  one  less  than  ihe 
number  of  dependent  variables  defined.  Therefore,  equations  governing  higher  order  phenom¬ 
ena  must  be  included  in  the  system.  Since  the  3DPNS  momentum  equation  11  is  written  on  ui 
only,  both  components  of  Ujj  h  {uj,U3}  are  required  determined  subject  to  the  constraint  of 
equation  1.  The  finite  element  algorithm  accomplishes  this  by  enforcing  a  measure  of  the 
continuity  equation  (error)  on  the  soluCion  of  the  0(d)  3DPNS  approximation  to  the  momentum 
equations  2  written  on  u..  Retaining  the  first  two  orders  of  terms,  the  3DPNS  transverse 
momentum  equations  are  ^ 

=  l7r[p“‘%  ^  ^  -  °kt]  '  ° 


Equation  22  is  of  the  form  of  equation  11  and  employs  the  additional  1 imited  index  2  <  k  <  3 . 
The  middle  two  terms  in  the  second  bracket  are  0(1),  while  the  remaining  terms  are  all  0(6) 
or  smaller. 

3.  FINITE  ELEMENT  SOLUTION  ALGORITHM 


The  theoretical  model  of  the  flowfield  description  of  the  turbulent  V/STOL  jei.  in  a 
cross-flow  has  been  constructed  as  the  3DPNS  equation  system  11-22.  The  members  of  this 
set  whose  solutions  are  marched  parallel  to  the  jet  path  (xi.  Figure  2)  include  equations 
11,  12,  20-22.  The  remainder  are  constitutive  or  elliptic  equations,  which  are  solved  at 
each  transverse  plane  and  contain  parametric  dependence  on  Xj.  The  general  form  for  the 
space-marched  system  is 


LP(qj)  =  |s7(5aiqj)  ^  |ir[p^qj  *  ^j]  *  ^j  *  o 


(23) 


where  f^.  and  s.  are  specified  non-linear  functions  of  their  arguments  (on  index  j).  The 
sol  ution'^domain'’!!  for  equation  23  is  the  product  of  R^  and  Xi,  for  all  elements  of  Xi  >  xj, 
and  for  R^  spanned  by  the  xj  =  {X2,X3}  coordinate  system.  Figure  2.  The  generalized  dif¬ 
ferential  boundary  condition  on  30  =  3R  x  Xi  is 


i(qj.)  .  a:q.  *  a:  +  a,  •  0 


(24) 


where  the  a.  are  specified  coefficients  and  n^  is  the  outwards  pointing  unit  normal  vector. 


The  initial  distribution  for  q^  on  Oo  =  R'  x  xf  is 


qj(x^,X3)  H  q5(x^) 


(25) 


The  finite  element  numerical  solution  algorithm  defines  the  approximation  q^(x-,xi) 

to  the  (unknown)  exact  solution  qz(x.,xi)  to  equations  ZZ-Z5  as  j  ^ 

J  X. 


h  ^ 

qj(Xj^,Xi)  ^  qj(X|j,Xi)  =  Z  qt(x,.xi) 


e  =  l 


j '  t’ 


(26) 


where  the  summation  1  <  e  <  M  is  over  the  finite  element  domains  R^  forming  the  (spatial) 
discretization  of  R*.  'The'el emental  approximation  is  ® 


qj(Xj^,X3)  H  (N^(x^)}T{QJ(xi)}g  (27) 

where  j(J)  is  a  free  index  denoting  members  of  the  column  matrix  (q^),  and  sub-  or  super¬ 
script  e  denotes  pertaining  to  the  e-tu  finite  element.  The  elements  of  the  row  matrix 

T  t  h 

{N|^(Xj^)}  are  the  k-^  degree  cardinal  basis  polynomials  written  on  x^,  2  <  t  <  3. 

The  functional  requirement  of  any  numerical  algorithm  is  to  minimize  the  error  in  qj 
in  some  norm.  This  is  accomplished  using  finite  element  theory  by  requiring:  1)  the  gen- 
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erated  errors  L*’(qj)  and  t(qj)  to  be  orthogonal  to  the  function  space  employed  to  define 
and,  2)  the  error  In  the  discrete  approximation  L*’(o'’)  to  satisfaction  of  continuity, 

equation  1,  be  enforced  as  a  differential  constraint.  These  conditions  are  combined  [20], 
using  a  multiplier  set  B,  to  form  the  theoretical  statement  of  the  finite  element  algorithm 
as 


/R2{N,^}LP(q5)dx+6i/3„{Ni^}!,(q5)dx+S,./^,7{N^}LP(p*’)dx  5  (0} 


(28) 


Equation  28  defines  a  system  of  ordinary  differential  equations  written  on  the  coor¬ 
dinate  Xi,  parallel  to  the  jet  path,  figure  2,  In  the  form 


[C]{QJ}'  +  [U]{QJ}  +  [FLJ]{QL}  +  (SJ)  =  {0)  (29) 


Using  the  trapezoidal  Integration  rule,  and  substituting  equation  (29)  yields. 


(FJ)  =  {QJ)j+i  -  (QJ>j  -  =  (01  (30) 

which  defines  a  system  of  non-linear  algebraic  equations  for  determination  of  the  elements 
of  {QJ(xi)}.  The  Newton  iteration  algorithm  for  equation  30  is 

[J(FJ)]5^^{6QJ}?*}  =  +  l  (31) 

written  on  the  Iteration  vector  {6QJ},  where 

{Q0}§+|  5  +  {6QJ)P^|  (32) 

For  the  elements  {U2,U3}  of  qj  in  equation  28,  =  Axi{j  +  k),  and  a  measure  of  the 

continuity  equation  (solution)  becomes  applied  as  the  differential  constraint.  This  mea¬ 
sure,  that  spans  and  vanishes  as  continuity  becomes  satisfied,  is  the  harmonic  solution 
()i(Xj^)  to  the  Poisson  equation 

l'’($)  5  ^  -  |jr-(pu,)  =  0  (33) 

l  1 

The  boundary  conditions  for  ([)  are  homogeneous  Oirichlet  everywhere  at  farfleld.  Equation 
33  becomes  homogeneous  as  the  error  In  the  continuity  equation  1  becomes  negligibly  small, 
and  (fi  becomes  null  as  a  consequence  of  the  boundary  condition  specifications.  A  detailed 
discussion  of  the  algorithmic  embodiment  of  the  differential  constraint  concept  is  given 
by  Baker  [23]. 


4.  RESULTS  AND  DISCUSSION 


The  principal  requirements  of  the  3DPNS  theoretical  (and  computational)  model  of  the 
V/STOL  jet  is  to  assess  fluid  dynamic  factors  dominating  formation  of  the  counter-rotating 
axial  vortex  pair  and  entrainment  of  the  cross-flow  into  the  jet.  For  the  reported  results, 
the  3DPNS  solution  domain  R*  was  defined  as  the  symmetric  half-plane,  with  the  circular  jet 
located  mid-domain.  Figure  4a).  For  reference.  Figure  4b)  graphs  the  transverse  plane 
potential  velocity  vector  distribution  used  to  initialize  U5(x5,x.)  at  the  nodes  of  si(0). 

The  tall  of  each  vector  is  at  a  node,  and  the  non-uniform  discretization  is  constituted  of 
M  «  576  triangular  finite  element  domlans  R!  spanned  by  the  linear  basis  (Nilx,)}.  The 
computation  simulation  requires  solution  of  a  non-linear  system  of  ordinary  differential 
equations.  Hence,  the  members  ui,  u^.  Pi,  k  and  c,  must  be  initialized  at  the  nodes  of  11(0). 

Secondly,  since  the  finite  element  algorithm  statement  has  transformed  the  elliptic  boun¬ 
dary  value  character  of  the  3DPNS  equations,  boundary  conditions  on  all  members  of  {QJ(xi)) 
are  required  specified  everywhere  on  3n  •  3R*  x  xi.  Basically,  see  Figure  4a),  line  AB  is 
a  symmetry  plane,  CDA  Is  the  farfleld  potential  boundary,  and  BC  Is  Inflow/outflow  with 
vanishing  normal  derivatives. 

The  specification  of  suitable  Initial-conditions  {QJ(0)}  Is  in  Itself  a  problem, 
since  little  data  are  available  for  guidance.  For  the  present  simulation,  the  Initial 
jet  was  assumed  to  be  of  circular  cross-section,  with  constant  axial  velocity  (distribu¬ 
tion)  Ui(xi)  =  U j .  The  Initial  Qi  distribution  exterior  to  the  Initial  jet  cross-section 
was  assumed  constant,  at  a  level  smaller  than  the  initial  jet  velocity  Uj .  This  constant 
Is  required  non-zero,  to  prevent  the  30PNS  equation  set  from  becoming  singular,  dependent 
upon  the  Imposed  cross-flow  velocity  level  U^  (cf.,  the  order  of  magnitude  analys1s)i 
Both  the  jet  and  cross-flow  were  assumed  constant  density  and  Isoenergetic .  Hence,  lf(Xi )  - 
constant,  and  the  V/STOL  jet  velocity  ratio  Is  thereby  X  ■  Uj/U„.  With  non-zero  cross- 
flow,  and  following  considerable  numerical  experimentation,  the°°cyl  Inder  potential  flow 


i 
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field  shown  In  Figure  4b)  defines  outside  the  initial  jet,  and  inside  the  initial 

jet  U£(0)  E  0.  Thus,  Bernoulli's  equation  yields  the  corresponding  initial  distribution 
of  p  on  !2(0). 


Defining  suitable  initial  distributions  for  turbulent  kinetic  energy  and  dissipation 
function  is  even  more  perplexing,  since  the  interaction  on  the  upstream  face  of  the  jet 
is  extremely  complicated.  In  the  total  absence  of  data,  a  step  distribution  in  turbulence 
levels  was  assumed  appropriate.  The  initial  level  of  turbulent  kinetic  energy  k  was 

The  initial  dissipation 
turbulent  kinematic 
within  the  constraint 


assumed  a  distinct  constant  inside  and  outside  the  jet  over  n(0). 
was  also  specified  unique  constants,  to  produce  desired  levels  of 
viscosity  (v‘  =  C^k^/e)  inside  and  outside  the  jet,  eg.,  /  v*". 


1  <  v^/v'’  <  10^  For 
J  " 

0.0012  inside  the  jet. 


10^,  suitable  levels  were  determined  as  k(0)  =  0.0005  and  e(0)  = 


Several  validation  test  cases  were  executed  for  zero  crossflow,  U  e  0,  to  firmly 
quantify  algorithm  performance  with  regards  to  symmetries  and  robust  conservation  of  mass. 
The  latter  is  particularly  critical,  since  the  sole  mechanism  for  generation  of  u^  f  0  is 
through  continuity,  which  is  employed  only  as  the  differential  constra i nt  on  equa ti on  22 ,  that 
otherwise  exhibits  a  null  solution.  The  results  of  these  tests  are  reported  in  [24]  and 
strongly  confirmed  algorithm  viability. 


The  principal  subject  is  analysis  of  a  circular  cross-section,  subsonic  V/STOL  jet, 
issued  perpendicular  to  a  flat  plate  into  a  subsonic  crossflow  at  velocity  ratio  X  =  = 

10.  The  results  of  the  validation  test  cases,  and  additional  numerical  experiments,  pro¬ 
vided  the  initial ization  procedure.  The  initial  plateau  distributions  of  axial  velocity 
Ui(0)  inside  and  outside  the  initial  jet,  and  the  reference  crossflow  velocity  were  set 
at  U  j :  U  j  :  =  1.0/0. 2/0.1,  with  =  36.6  m/s  (120f/s).  The  initial  distribution  for  trans¬ 

verse  velocity  dj^(O)  is  potential  flow  about  a  cylinder.  Figure  4b).  The  initial  levels 

for  turbulence  kinetic  energy  k(0)  ^  0.0005  and  dissipation  e(0)  >  0.0012  were  set  at  dis¬ 
tinct  constants,  inside/outside  the  initial  jet,  to  produce  the  disired  initial  levels  of 

1  <  <  100.  The  reference  Reynolds  number  based  on  jet  o-ifice  diameter  was  Re  =  O.bxlOl 


Figure  5  summarizes  the  30PNS  algorithm  solution  in  terms  of  the  computed  evolution 
of  the  transverse  velocity  field  on  0  <  Xi/D  <  1.25,  for  the  ini t ial ly-c i rcul ar ,  turbulent 
V/STOL  jet  in  cross-flow,  U.;Uj:U^  =  1.0/0. 2/0.1.  The  non-dimensional  (on  U.)  extremum 
tranverse  scalar  component upon  which  each  figure  is  scaled,  is  noted  in  each  legend  as 

Qj.  Figure  4b)  is  the  initial  condition,  and  u^  =  0.174.  The  blockage  effect  of  the  jet 
becomes  almost  immediately  evident.  Figure  5a), ^'as  is  the  beginning  of  entrainment  in  the 
lateral  (top)  farfield.  The  transverse  velocity  field  begins  to  penetrate  the  downstream 
interface  of  the  jet  by  xi/D  =  0.5,  Figure  5b),  and  a  decrease  in  the  outflow  in  the  wake 
region  is  evident.  This  becomes  considerably  pronounced  by  Xj/D  *  0.75,  Figure  5c),  where 
wake  flow  reversal  has  begun.  The  entrainment  from  the  lateral  farfield  has  also  become 
stronger  with  penetration  on  the  lee  side  of  the  jet.  The  vortex  structure  interior  to  the 
initial  jet  becomes  fully  developed  by  Xi/D  =  1.0,  Figure  5d).  The  combined  actions  of 
blockage,  entrainment,  wake  flow  reversal  and  axial  vortex  are  each  matured  and  clearly 
evident  in  the  solution  at  Xi/0  =  1.25,  Figure  5e). 


The  results  of  Figure  5  indicate  the  3DPNS  analysis  procedure  exhibits  potential  for 
prediction  of  the  near-field  essential  characteristic  action  of  the  elementary  V/STOL  jet 
in  cross-flow.  In  particular,  the  region  of  reversed  flow  and  angle  of  the  wake  stream¬ 
line,  Figure  5e),  are  in  qualitative  agreement  with  the  oilflow  streakline  experimental 
resul ts ,  Fi gure  1 .  The  generation  of  the  axial  vortex  (pair)  is  in  qualitative  agreement 
with  farfield  data.  Figure  3.  The  jet  boundary  is  not  impervious  to  the  cross-flow,  and 
the  intrusion  of  entrainment  is  predicted  on  the  downstream  face  of  the  jet.  These  results 
are  certainly  influenced  by  the  many  decisions  and  compromise  required  to  complete  the 
mathematical  specification,  in  particular  the  initial  conditions  and  size  and  refinement  of 
the  computational  solution  domain.  However,  the  impetus  to  attack  these  detailed  aspects 
is  hopefully  enhanced  by  these  encouraging  results. 

Additional  computational  experiments  were  conducted  to  quantize  the  influence  of 
gross  turbulence  factor  modifications.  Figure  6  summarizes  the  results  for  the  circular 
V/STOL  jet  specification.  Figures  6a)-b)  show  the  transverse  velocity  field  u»  on  0.5  < 
Xi/D  <  1.0,  is  computed  holding  v‘  e  10  a  constant  throughout  the  entire  solution  domain. 
Some  Farfield  entrainment  action  occurs,  but  the  nearfield  crossflow  appears  almost  negli¬ 
gibly  deflected.  Figure  6c)  shows  the  comparison  solution  at  Xi/D  =  0.5,  for  the  constant 

but  with  E  100.  The  jet  is  considerably  more  impervious  to  the  crossflow.  In  com¬ 
parison  to  Figure  5b),  a  somewhat  greater  deflection  of  the  upstream  farfield  has  occured, 
and  downstream  penetration  is  essentially  absent.  For  the  complete  3DPNS  simulation. 

Figure  5,  the  extremum  ^  160  was  computed  on  the  jet  upstream  boundary  at  Xi/D  =  0.5. 
Clearly,  the  turbulence  phenomena  exerts  a  predominant  influence  on  the  predicted  nsults. 


5.  SUMMARY  AND  CONCLUSIONS 

A  mathematical  model  has  been  constructed  for  analysis  of  the  near-field  evolution  of 
the  V/STOL  jet  in  subsonic  crossflow.  The  results  of  the  computational  simulations  of  a 
circular  V/STOL  jet  have  yielded  results  of  technical  interest  and  anticipated  merit. 
Without  in  1 tial -condi ti on  generated  bias,  and  using  the  most  elementary  solution  starting 
conditions,  the  3DPNS  solution  predicted  the  essential  evolution  character  in  substantial 
completeness.  In  particular,  the  simulation  predicted  lateral  entrainment,  axial  vortex- 
pair  initiation  and  inducement  of  the  wake  flow  into  the  jet  region,  antiparallel  to  the 
Initialized  potential  crossflow  direction.  These  experimental  documented  features  of  the 
V/STOL  jet  were  generally  lost  when  the  turbulence  field  was  artificially  constrained,  in¬ 
dicating  that  the  characteristic  action  is  a  turbulence-dominated  effect. 


It  should  be  emphasized  as  well  that  none  of  the  flow  characteristics  were  conse¬ 
quentially  captured  without  robust  enforcement  of  the  (non-parabolic)  continuity  equation. 
The  developed  constraint  algorithm  met  the  detailed  mathematical  requirements  and  accu¬ 
rately  enforced  solution  aspects  related  to  the  3DPNS  ordering  analysis.  In  particular, 
the  finite  element  based  algorithm  maintained  the  (energy  norm)  error  in  exact  satisfac¬ 
tion  of  continuity  at  E(0,(ji)  <  6.  X  10*5  for  algorithm  convergence  set  at  e  •  lO*".  The 
3DPNS  algorithm  averaged  f our'i terations  per  step  for  convergence,  following  a  few  extra 
iterations  to  homogenize  the  Initial  condition  specifications.  The  solution  on  0  <  Xi/0  < 
1.25  required  less  than  10  CPU  minutes  to  execute,  on  a  CDC  CYBER/203  computer,  usTng 
200K  single  precision  words  of  central  memory. 
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Figure  4  3DPNS  Discretization  Information  For 
V/STOL  Jet  Simulation 
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Figure  5  3DPNS  Computed  Transverse  Velocity  Distributions, 

Circular  V/STOL  Jet,  V.:U',:U_  •  1. 0/0. 2/0.1,  Turbulent. 
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Figure  5  3DPNS  Computed  Transverse  Velocity  Distributions, 

Circular  V/STOL  Jet,  Uj:Uj:U„  «  1.0/0. 2/0.1,  Turbulent 
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SUMMARY 

The  prediction  of  V/STOL  propulsion  Induced  aerodynamics  associated  with  the  transition  flight  regime 
by  computational  methods  has  been  characterized  by  the  inability  to  accurately  account  for  the  negative 
pressures  generated  In  the  wake  area  behind  the  jet.  For  those  configurations  which  Include  surface  area 
Inmedlately  behind  the  jet,  the  Inaccuracies  generated  in  the  prediction  of  the  surface  pressures  In  this 
wake  area  dominate  to  the  extent  that  gross  errors  result  In  the  prediction  of  the  Induced  effects  for 
the  entire  configuration. 

This  paper  presents  the  results  of  a  study  undertaken  to  Improve  the  prediction  of  the  Induced  sur¬ 
face  pressures  In  the  wake  area  without  altering  the  existing  accuracy  for  the  area  ahead  of  the  jet.  Two 
short-lived,  low  strength  vortices  were  Incorporated  Into  the  wake  area  of  the  existing  Wooler  jet  model, 
with  the  location  and  strength  determined  from  experimental  data.  The  prediction  of  the  Induced  surface 
pressures  on  a  flat  plate  resulting  from  the  modified  Wooler  model  Improved  the  accuracy  of  the  existing 
model  for  a  range  of  velocity  ratios.  The  modified  model  resulted  in  significant  Improvement  In  the 
prediction  of  the  Induced  lift  on  a  complete  V/STOL  configuration. 
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Distance  from  center  of  jet  to  location  of  wake  vortex. 

Distance  from  center  of  jet  to  location  of  Image  vortex  of  wake  vertex. 
Vortex  filament  length  components 
Surface  pressure  coefficient 
Jet  diameter 

Entrainment  coefficients  used  In  Wooler' s  jet  model 

Induced  lift  Increment 

Radial  distance  from  center  of  jet 

Jet  radius 

Length  of  vortex  filament 
Jet  thrust 

Cartesian  coordinates 
Velocity  components 
Freestream  velocity 
Velocity 

Effective  velocity  ratio, 


Vortex  strength 
Meridional  jet  angle 


V 


Jet 

Panel  control  point 
Vortex 


INTRODUCTION 


The  V/STOL  propulsion  Induced  aerodynamics  associated  with  the  transition  flight  regime  have  a  major 
influence  on  aerodynamic  characteristics  resulting  in  large  forces  and  moments  being  induced  on  ine  air¬ 
craft.  These  jet  induced  effects  involve  the  interaction  of  the  jet  and  freestream  flow  and  are  primarily 
the  result  of  four  viscous  flow  phenomena:  jet  blockage,  wake  separation,  entrainment,  and  vortex  gene¬ 
ration.  Due  to  the  complex  interaction  of  these  four  phenomena,  the  individual  effect  of  each  component 
has  not  been  separated,  making  analytical  and/or  numerical  prediction  difficult. 

Current  existing  prediction  techniques  applicable  to  the  transition  flight  regime,  references  (1) 
through  (3),  consist  largely  of  potential  flow  computational  programs  with  empirically  derived  jet  models 
to  account  for  the  viscous  interactions  which  characterize  transition  aerodynamics.  These  techniques 
model  the  jet  quite  differently  dependent  upon  the  approach  taken  by  the  developer. 

One  of  the  first  methods,  developed  by  Wooler  in  reference  (1),  combines  distributions  of  sinks  and 
doublets  along  the  calculated  jet  path  to  obtain  the  velocity  field  due  to  the  jet  interference.  As 
shown  in  Figure  1,  the  sinks  are  uniformly  distributed  along  an  axis  normal  to  the  freestream  and  account 
for  the  entrainment  characteristics  of  the  jet.  Their  strength,  which  varies  with  the  distance  along  the 
jet,  is  dependent  upon  three  empirically  derived  coefficients  whose  values  were  chosen  to  result  in  good 
coorelation  between  experimentally  and  theoretically  determined  jet  centerlines.  The  doublets  are  distri¬ 
buted  along  the  jet  centerline  and  account  for  the  jet  blockage  effect  by  creating  a  flow  past  an  equiva¬ 
lent  circular  cylinder.  This  model  is  effective  in  predicting  the  induced  effects  for  aircraft  configura¬ 
tions  which  do  not  include  surface  area  behind  the  jet.  However,  for  those  configurations  which  include 
surface  area  behind  the  jet,  this  model,  along  with  the  other  jet  models  for  transition  analysis,  results 
in  predictions  which  underestimate  the  negative  pressure  experienced  in  the  jet  wake  region. 


Sink  Distribution 


Doublet  Distribution 


Figure  1.  Wooler  Transition  Jet  Model 


An  alternative  jet  model  was  proposed  by  Fearn,  reference  (2),  which  involves  a  completely  different 
approach.  Fearn's  model  assumes  the  two  contrarotating  vortices  to  be  the  dominant  characteristic  of  the 
transition  jet  and  thus  bases  his  model  on  the  strength  and  location  of  these  vortices.  An  extensive 
series  of  tests  were  conducted  to  measure  the  strength  and  location  of  these  vortices  as  a  function  of 
velocity  ratio  and  jet  injection  angle.  The  resulting  data  were  then  used  to  generate  the  equations 
defining  the  strength  and  location  of  the  two  vortices.  The  prediction  capability  of  this  model  has  only 
been  compared  to  data  representing  the  surface  pressure  coefficients  for  a  flat  plate,  with  results  in¬ 
dicating  the  same  underestimation  of  the  negative  pressure  coefficients  in  the  wake  area. 

Beatty,  in  reference  (3),  developed  the  most  recent  prediction  methodology  for  transition  analysis 
which  enables  the  use  of  either  the  Wooler  or  Fearn  jet  model  in  combination  with  the  Hess  potential 
flow  analysis.  The  capability  to  predict  the  Induced  effects,  however,  has  not  been  improved  since  no 
wake  modifications  were  made  to  either  Jet  model. 

As  a  result  of  the  common  deficiency  demonstrated  by  each  of  these  methods,  this  study  was  initiated 
with  the  objective  of  modifying  an  existing  jet  wake  model  through  an  Improved  representation  of  the 
physical  flow  process  (as  opposed  to  an  additive  or  multiplicative  empirical  correction  which  has  been 
previously  attempted).  Wooler's  jet  model  was  selected  as  the  basic  model  to  be  modified  because  of  its 
increased  capability,  being  applicable  to  multiple  jets  and  including  sideslip  effects. 

APPROACH 

The  literature  concerning  the  basic  flow  processes  associated  with  a  jet  in  a  crossflow  was  reviewed 
to  determine  possible  areas  of  Wooler's  jet  model  which  could  be  modified  to  more  closely  represent  the 
physical  flow  situation.  Three  areas  were  found  in  which  modifications  were  warranted  which  could  Improve 
the  prediction  of  the  negative  pressure  coefficients  in  the  jet  wake  region. 


Jordinson,  In  reference  (4),  presents  pressure  coefficient  contours  measured  at  various  locations 
along  the  jet  centerline  for  three  different  velocity  ratios.  These  contour  maps,  a  sample  of  which  Is 
shown  In  Figure  2,  Indicate  the  presence  of  a  pair  of  short-lived  vortices  In  the  wake  region  for  each 
velocity  ratio  In  addition  to  the  well  established  pair  of  contrarotating  vortices  associated  with  a  jet 
In  a  crossflow.  The  existence  of  these  vortices  has  not  been  directly  dealt  with  In  transition  jet  models 
and  since  their  presence  would  increase  the  local  entrainment  In  the  wake.  Incorporating  these  vortices 
was  a  first  step  In  the  approach  to  modify  Wooler's  model.  The  Initial  location  of  vortices  was  deter¬ 
mined  from  these  maps  with  the  path  of  the  vortices  established  from  data  of  subsequent  measurements 
taken  further  down  the  jet  centerline  for  the  same  velocity  ratio. 
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Figure  2.  Pressure  Coefficient  Contour  Map,  =  0.125 


Having  established  the  location  and  path  of  these  vortices,  their  Initial  strength  was  determined 
using  the  experimental  data  obtained  by  Mosher,  reference  (5).  This  data  defines  the  location  of  a 
stagnation  point  at  the  rear  of  the  jet  created  by  the  Interaction  of  the  freestream  flow  and  the  wake 
region  of  the  jet,  as  Indicated  In  Figure  3.  The  two  vortices  were  combined  with  Wooler’s  doublet  model 
of  the  jet  to  calculate  a  vortex  strength  which  resulted  In  a  stagnation  point  location  and  a  streamline 
flow  similar  to  Figure  3.  ’’nls  Initial  vortex  strength  was  then  allowed  to  decay  to  reflect  Jordinson's 
data  which  Indicates  the  tjsence  of  these  vortices  beyond  a  height  above  the  flat  plate  of  4.5  jet  dia¬ 
meters.  Fearn's  equations  for  vortex  strength,  reference  (2),  were  used  to  calculate  the  variation  of 
strength  with  distance  along  the  vnrtex  trajectory,  with  modifications  to  account  for  the  faster  decay  of 
the  short-lived  vortices  Indicated  by  Jordinson's  data.  Velocities  Induced  by  these  additional  vortices 
were  then  calculated  using  the  Blot-Savart  Law.  The  development  of  these  resulting  velocity  equations 
Is  presented  In  the  following  section. 

The  second  area  of  modification  resulted  from  a  review  of  the  oil  film  flow  studies  conducted  by 
Mosher  In  reference  (5).  Figure  3  shows  two  representative  photographs  of  the  flow  variation  with  velo¬ 
city  ratio  which  resulted  from  this  study.  These  photographs  Indicate  an  aft  movement  of  the  separation 
point  around  the  jet  as  the  velocity  ratio  Is  Increased,  and  a  change  In  the  streamline  pattern  Indicating 
that  entrainment  is  related  to  velocity  ratio.  A  plot  of  the  separation  point  movement  with  velocity 
ratio  Is  contained  In  Figure  4,  and  forms  the  basis  for  the  second  modification  to  the  Wooler  jet  model. 
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Figure  3.  Oil  Film  Studies  of  Streamline  Pattern  Variation  With  Velocity  Ratio 


A  uniform  distribution  of  sinks  along  an  axis  normal  to  the  freestream  flow,  as  shown  in  Figure  1, 
is  used  in  the  Wooler  model  to  account  for  the  entrainment  of  the  jet.  To  enable  a  variation  of  entrain¬ 
ment  characteristics  with  velocity  ratio,  and  to  reflect  the  movement  of  the  separation  point,  the  present 
invariant  sink  distribution  is  varied  by  locating  the  two  end  points  of  the  distribution  line  at  the  sepa¬ 
ration  points  around  the  jet  as  illustrated  in  Figure  5.  This  will  tend  to  localize  the  entrainment  in 
the  wake  region  as  the  velocity  ratio  increases,  reflecting  the  changing  streamline  pattern  as  shown  in 
Figure  3. 


Figure  4.  Location  of  Minimum  Pressure  Figure  5.  Jet  Sink  Distribution  Models 
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The  third  modification  ms  indicated  from  a  review  of  the  work  by  Kamotani  and  Greber.  reference  (6). 
Three  entrainment  coefficients,  E,,  Ej,  and  E-  used  in  Wooler's  jet  model  account  for  the  crossjet  entrain¬ 
ment  and  parallel-jet  entrainment.  Experimenul  entrainment  data  for  a  free  jet  in  hover  flight  was  used 
to  determine  £,,  with  £,  and  £-  being  chosen  to  result  in  good  correlation  between  experimentally  and 
theoretically  Betermined  jet  centerlines  and  induced  surface  pressures.  Figure  6,  from  reference  (7),  in¬ 
dicates  the  relative  insensitivity  of  these  coefficients  to  velocity  ratio.  Kamotani  and  Greber  have  ex¬ 
perimentally  determined  directly  that  the  coefficients  vary  significantly  with  velocity  ratio  and  should 
be  a  magnitude  greater  than  those  used  by  Uooler.  Hodiflcation  of  the  entrainment  coefficients  to  reflect 
the  findings  of  Kamotani  and  Greber  will  also  result  in  Increased  entrainment  and  constitute  the  third  of 
the  three  steps  in  the  overall  approach  to  obtain  an  improved  jet  model.  Since  the  original  entrainment 
coefficients  are  in  the  form  of  constraints  these  can  be  replaced  simply  by  expressions  as  a  function  of 
velocity  ratio  to  reflect  the  variation  shown  in  Figure  6. 


Figure  6.  Variation  of  Entrainment  Coefficients  With  Velocity  Ratio 


METHOD  DEVELOPMENT 

The  development  of  the  equations  to  calculate  the  induced  velocities  resulting  from  the  two  wake 
vortices  began  with  the  use  of  the  method  of  images  to  locate  two  image  vortices  inside  the  jet.  These 
image  vortices  maintained  the  circular  jet  blockage  effect  created  by  Wooler  when  the  two  wake  vortices 
were  Incorporated  into  the  model.  An  illustration  of  the  orientation  of  these  vortices  relative  to  the 
jet  is  contained  in  Figure  7  along  with  a  definition  of  the  terms  to  be  used  in  the  equations  that  follow. 
The  trajectory  and  strength  variation  of  these  Image  vortices  are  calculated  using  the  same  procedure  as 
the  wake  vortices  discussed  in  the  previous  section.  Referring  to  Figure  7,  the  induced  velocity  equations 
were  derived  by  transforming  the  coordinates  of  vortices  B,  C,  and  D  in  terms  of  vortex  A  through  the 
relations 


Using  the  data  of  Jordinson  to  determine  the  path  of  the  vortices,  the  vortex  strength  was  then  allowed 
to  decay  to  reflect  the  dissipation  of  the  vortex  Indicated  also  by  Jordinson's  data.  Fearn's  equation, 
reference  (2),  for  calculating  the  vortex  strength  variation  is 
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and  was  used  as  a  basis  with  the  constants  adjusted  to  reflect  the  Increased  dissipation  of  the  wake 
vortices. 


Having  determined  the  location,  path,  and  strength  variation  of  the  wake  vortices,  the  induced  velo¬ 
city  from  each  vortex  was  calculated  using  the  Blot-Savart  Law,  resulting  In 
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where  (x  ,  y  ,  z  )  are  the  coordinates  of  the  vortex,  (x  ,  y  ,  z  )  the  coordinates  of  the  panel  control 
point,  and  (C,  d,  e)  the  lengths  of  the  vortex  filament  Segments?  Rearranging  the  terms  of  the  equations 
to  obtain  the  total  (u,  v,  w)  components  of  velocity  Induced  by  the  total  vortex  system  and  substituting 
r;  for  b  from  the  method  of  Images  relationship,  ab  •  R^,  results  In 
a 
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r2 
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r2 

p) 
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- 
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v' 
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3/2 
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r2 
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v' 
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r2 
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px. 
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3/2 

These  components  are  simply  added  to  the  Induced  velocity  components  calculated  by  Wooler's  model  to 
obtain  the  total  velocity  Induced  by  the  Jet. 


27-7 


RESULTS  AND  CONCLUSIONS 

The  resulting  modified  jet  model  was  used  to  calculate  the  surface  pressure  coefficients  induced  on 
a  flat  plate  and  the  lift  induced  on  a  complete  V/STOL  configuration  to  determine  the  extent  of  improve¬ 
ment  in  prediction  capability  over  the  original  Wooler  jet  model.  Surface  pressure  coefficients  were 
calculated  for  three  velocity  ratios  (V  =  0.10,  0.167,  0.20).  Typical  comparisons  are  presented  in 
Figure  8  for  the  velocity  ratio,  V  •  0:167.  In  this  figure,  the  pressure  coefficient  predictions  of  the 
modified  Wooler  model  are  compared^with  those  of  the  unmodified  Wooler  model  and  also  with  the  wind  tunnel 
test  data  of  reference  (8).  The  comparisons  are  presented  for  radial  locations  at  several  meridional  jet 
angles  beginning  with  0=  0”  the  location  directly  upstream  of  the  jet.  Results  indicate  a  significant 
improvement  in  the  calculation  of  the  pressure  coefficients  for  all  velocity  ratios  when  compared  with  the 
unmodified  model  predictions.  In  addition,  excellent  agreement  is  shown  be^een  the  modified  model  pre¬ 
dictions  and  the  test  data  for  each  meridional  angle  with  the  exception  of  0=  180°.  Along  this  radial, 
the  highly  negative  pressure  coefficients  near  the  jet  are  not  properly  accounted  for  by  the  modified 
model,  even  though  a  small  improvement  is  shown  over  the  unmodified  predictions.  These  results  are  iden¬ 
tical  for  the  two  other  velocity  rati«  calculated  indicating  an  effective  cancellation  of  the  induced 
velocity  by  the  vortex  system  at  the  0=  180°  radial. 


Figure  8.  Comparison  of  Predicted  Results  from  Wooler  Jet  Model  and  Modified 
Wooler  Jet  Model  to  Experimental  Data  for  Flat  Plate  Configuration 
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The  modified  model  was  also  used  to  predict  the  induced  lift  of  a  V/STOL  configuration  used  in  the 
wing  tunnel  test  program  of  reference  (9).  This  configuration,  shown  in  Figure  9,  is  a  clipped  delta, 
supersonic  aircraft  with  a  single  jet  located  In  the  fuselage.  The  Induced  lift  was  calculated  for  five 
velocity  ratios.  V  ,  ranging  from  0.05  to  0.25  with  the  results  compared  in  Figure  9  with  predictions  from 
the  unmodified  Woofer  model  and  the  test  data  of  reference  (9).  A  significant  Improvement  is  indicated 
over  the  unmodified  model  with  excellent  agreement  shown  with  the  test  data  except  for  an  extraneous  data 
point  at  V  =  0.167. 


Figure  9.  Comparison  of  Predicted  Results  from  Wooler  Jet  Model  and  Modified 
Wooler  Jet  Model  to  Experimental  Oata  for  Supersonic  V/STOL  Configuration 


CONCLUSIONS 

The  increased  accuracy  of  predicting  the  induced  lift  with  the  modified  Wooler  model  indicates  the 
incorporation  of  the  two  wake  vortices  to  be  a  significant  improvement.  This  improvement  is  tempered 
however  by  the  discrepancy  shown  in  the  region  itmediately  behind  and  near  the  jet,  indicating  the  need 
for  continued  effort  in  localizing  increased  entrainment  in  that  area.  It  is  anticipated  that  a  further 
modification  of  adjusting  the  sink  distribution,  as  previously  discussed,  to  reflect  the  increased  en¬ 
trainment  with  velocity  ratio  in  the  area  aft  of  the  jet  will  improve  the  prediction  in  this  region. 
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EFFECTS  OF  BUOYANCY  AND  ENTRAINMENT 
ON  HOT  FREE  JETS  AND  WALL  JETS 

BY 

K.  Gersten,  F.v.  Schulz-Hausmann,  S.  Schilawa 
University  Bochum,  Federal  Republic  of  Germany 


SUMMARY 

The  flows  of  hot  exhaust-gas  jets  are  strongly  influenced  by  buoyancy  forces  as  well  as 
by  entrainment  effects  which  in  turn  depend  on  the  location  of  the  jets  with  respect  to 
the  ground  or  other  geometrical  boundaries.  When  the  hot  jets  impinge  the  ground,  hot 
wall  jets  develop  along  the  ground,  again  under  the  influence  of  buoyancy  and  entrainment 
effects. 

The  present  work  is  a  theoretical  investigation  of  two-dimensional  hot  free  jets  and  wall 
jets  including  buoyancy  and  entrainment  effects. 


1 .  INTRODUCTION 


During  take-off  and  hovering  of  a  VTOL  aircraft  the  development  of  the  hot  exhaust-gas 
jet  flow  is  strongly  Influenced  by  buoyancy  forces.  In  Fig.  1  two  typical  situations  are 
shown  where  buoyancy  forces  have  a  strong  influence  on  the  flow  development  of  the  jets.- 


According  to  Fig.  la  the  path  of  the  free  hot  jet  is  strongly  affected  by  the  buoyancy 
forces.  In  a  first  approximation  it  can  be  assumed  that  the  environment  of  the  jet  is 
still  air.  In  reality,  however,  the  entrainment  induces  some  flow  in  the  neighborhood  of 
the  jet.  Hence,  the  path  of  the  hot  jet  is  the  result  of  the  mutual  interaction  between 
the  viscous  flow  within  the  jet  and  the  induced  flow  field  outside  of  the  jet.  The  latter 
depends  on  geometrical  boundaries  such  as  a  ground  plane  or  walls. 


An  integral  method  will  be  presented  to  predict  the  development  of  hot  jets  including 
buoyancy  eind  entrainment  effects. 


When  the  hot  jet  impinges  the  ground,  as 
shown  in  Fig.  1b,  a  hot  wall  jet  developes 
along  the  ground.  In  this  case,  the  buoyancy 
forces  are  directed  perpendicularly  to  the 
main  horizontal  flow  of  the  wall  jet. 
Prandtl's  boundary- layer  theory  fails  to 
predict  buoyancy  effects  on  horizontal  hot 
wall  jets  since  forces  perpendicular  to  the 
wall  are  usually  neglected  in  this  theory. 

By  using  higher-order  boundary- layer  theory 
the  buoyancy  effects  can  be  taken  into 
account.  Experimental  results  show  that 
horizontal  hot  wall  jets  finally  separate 
and  leave  the  ground.  This  phenomenon  of  the 
so-called  thermal  ground  effect  will  also  be 
discussed  from  point  of  view  of  higher-order 
boundary- layer  theory. 


2.  BASIC  EQUATIONS 

Two-dimensional  hot  free  jets  and  wall  jets 
will  be  considered.  The  so-called  Boussinesq 
approximation  is  being  used  which  means  that 
in  the  flow  equations  the  density  is  equal 
to  density  at  the  reference  temperature  Too 
except  in  the  terms  of  the  buoyancy  forces , 
where  the  density  is  assumed  to  be  a  linear 
function  of  temperature. 

Using  a  coordinate  system  according  to 
Fig.  2  the  basic  equations  are: 

^  +  ^[(1  +  ky)vl  =  0  (1) 


Fig.  1 

Hot  Free  Jet  and  Wall  Jet 


'w 


Fig.  2  Coordinate  System 


28-2 


u  1^  +  (1  +  ky)v  1^  +  k  u  V  = 


u  -g  .  (1  .  ky,v  1^  -  k  u2  = 


■  I?  ^  +  ''y)  <T  -  T.)oos  a  +  (1  +  ky>-^[  (v„  +  v^)|^] 

(1  +ky)v|^  =  ^[(;|^^^)(1  +ky)||]  (4) 

These  are  the  Navler-Stokes  equations  for  this  coordinate  system  reduced  by  those  terms 
which  are  negligible  within  a  second-order  boundary- layer  theory  for  laminar  flow.  Beside 
the  Bousslnesq  approximation,  the  buoyancy-force  terms  are  completely  tedcen  Into  account. 
The  pressure  is  due  to  the  flow,  l.e.  the  difference  against  the  static  pressure  field, 
see  refs.  1  and  2*. 


3.  INTEGRAL  METHOD  FOR  HOT  FREE  JETS 
3.1.  Integral  Equations 

Integration  of  the  basic  equations  with  respect  to  y  leads  tothe  following  Integral 
equations : 

Momentum-integral  equation 

0  « 

g-  [  /(I  +  ky)u(1  -  U(x,  -  0))dy  +  /  (1  +  ky)u(u  -  U(x,  +  0))dy  ] 

dU(x,-0)  0  dU(x,+0)  » 

+  — -  /  (u  -  U(x,  -  0)  Idy  +  - gj -  /  [u  -  U(x,  +  0)]dy  = 

o 

•f«p 

gB^sina  /  (1  +  ky)  (T  -  T^)dy  (5) 


Energy- Integral  equation 

/  (1  ♦  ky)j  u  (u^  -  U'‘(x,  -  0))dy  ♦  /  (1  +  ky)-^  u(u^  -  U^(x,  +  0))dyl  = 

o 

“  a  /  {1  ♦  ky)^u(T  -  T^)dy  -  /  +  v^)(1  '5y 

Thermal-energy  Integral  equation 
A  **• 

f  u(T  -  T.)dyl  -  O  (7) 


Thermal-roment  integral  equation 


/  u(/  u(T  -  T,)dy)dyl  -  -  /  ( 

*00  y  -  «• 


?? 


(1  ♦ 


ky)u  |X  dy 


(8) 


This  equation  was  derived  by  Integrating  Equ.(4)  with  respect  to  y  from  y  to  "o  followed 
by  multiplication  of  u  and  a  second  integration  with  respect  to  y  from  -  «  to  +  «>  . 
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Normal-momentum  Integral  equation 


3x 


{  nxji  -  U'^Cx,  -  0)]dy  +  fin  -  U^(x.  -*•  O)  ]  dy  } 


g6„  cos  o  /  (1  +  ky) (T  -  T„)dy 


+  P(x.  -  0)  -  P(x,  0) 

P 


(9) 


3.2.  Outer  Flow  Field 

The  jet  Induces  an  outer  flow,  which  is  inviscid  and  irrotational,  i.e.  a  potential  flow 
field.  The  entrainment  leads  to  the  matching  conditions: 

,  0 

V(x,  -  O)  =  /  (u  -  U(x,  -  0))dy  ]  (10a) 


V(x,  +  O)  =  -  /  (u  -  U(x,  +  0))dyl  (10b) 

o 

Bernoulli  equation  connects  velocity  components  and  pressure  in  the-  outer  flow  field  at 
the  outer  edge  of  the  viscous  jet  region 


P(x,  -  0)  +  I  [U^(x,  -  O)  +  V^(x,  -  0)1  =  O 
P(x,  O)  +  |-  [U^(x,  +0)  (X,  +  0)  ]  =  O 


3.3.  Distribution  of  Velocity  and  Temperature  Within  the  Jet 

The  following  distributions  of  the  velocity  component  in  main  flow  direction  have  been 
used: 


u (x.y)  _  p  /_  U(x,  -  0)  U (x/  +  0)  1  _  y 

U|j|(x)  ■  *^u^'’u  '  u^TiO  '  u^(x)  ' 


(12) 


where  unv(x)  is  the  local  maximum  velocity  in  the  jet  and  &^{x)  characterizes  the  jet  width 
(see  Fig. 2).  It  is  assumed  that  the  points  with  the  velocities  1/2(Un,  +  U(x,  -  0))  and 
1/2 (Um  +  U(x,  +  O))  have  the  same  distance  6u  from  the  (curved)  axis  of  the  jet. 


The  function  Fy(n^)  has  the  form 


F  =  U(x,  -  0)  +r  1  _  U(x,._-  O) 
^u  -u;;fe-  u^(x) 


=  0(X,  o)  +[  1  _  U(X,  -t-  0)j  r  1 


tanh^  (0.8814  1^)1 
tanh^  (0.8814  n^)  1 


lu  1  O 


(13) 


The  temperature  distribution  is  given  in  a  similar  way 


T(x,y)  -  T„ 


=  [ 


1  -  tanh^  (B(Pr)ri^) 


Pr 

1 


(14) 


where 


rij  =  =  arctanh  [(1  -  0. s’^***^) 3 

For  turbulent  flow  Pr  is  replaced  by  Pr^. 


(15) 


3.4.  System  of  Ordinary  Differential  Equations 

Using  the  distribution  for  the  velocity  and  temperature  in  the  integral  relations  of 
Sec.  3.1.  leads  to  the  system  of  equations: 


( 


The  shape  parcuneters  A-)  to  A13  are  in  general  functions  of  A  =  5t(x)/iSu(x)  , 

U(x,  -  0)/uni(x)  ,  U(x,  +  0)/uni(x)  and  k(x)6u(x).  Some  shape  parameters  are  special  cases 
of  others,  for  example: 

^1  =  A 

kAu-o 

The  values  of  the  shape  parouneters  for  U(x,  -  O)  =  V(x,  +  O)  =  k(x)6(x)  =  O  are  given  in 
ref.  3. 

This  system  of  five  ordinary  differential  equations  has  to  be  satisfied  by  the  five  un¬ 
known  functions 

6^(x),  A(x),  %(x),  T^{x)  -  T^,  a(x), 

whereas  the  values  of  the  potential  flow  field  0(x,  -  0),  U(x,  +  0),  P(x,  -  0), 

P(x,  +  0)  are  considered  to  be  given. 

The  matching  between  the  jet  flow  euid  the  outer  flow  field  is  done  by  an  iteration  process 
The  calculation  starts  by  guessing  the  five  unknown  functions,  as  well  as  the  entrainment 
velocities  V(x,  -  0)  emd  V(x,  +  O) .  Then  potential  theory  yields  U(x,  -  0),  U(x,  +  o)  and 
hence  P(x,  -  O)  emd  P(x,  +  0),  respectively.  Now  all  shape  parameters  cam  be  determined. 
The  system  of  differential  equations  can  be  solved  to  get  a  new  set  of  five  functions.  The 
cycle  is  repeated  until  convergence  is  reached. 

For  laminar  flows  the  eddy  viscosity  vanishes,  vt  =  O  ,  whereas  for  turbulent  flows  the 
molecular  viscosity  can  be  neglected,  v^=  0  ,  compared  to  the  eddy  viscosity,  which  is 
assumed  to  be  a  function  of  y  only. 

As  turbulence  model  the  eddy  viscosity  is  connected  with  the  jet  width  as 


Vt  =  <  [Um**J  “  “  OJ  J'^u  y  <  0 

(21a) 

Vt  =  K  [u^(x)  -  U(x,  +  0)]5„  y  >  0 

(21b) 

where  k  and  Pr^  are  functions  of  the  local  Archimedes  number  defined  by 

g  8„  E  q3(x) 

Ar(x)  =  - ^ - 

K-’(x) 

(22) 

Here  the  following  abbreviations  have  been  used: 

+00 

Ej,  -  /  u(T  -  T^)dy 

(23) 

1 

0  00 

Q(x)  -  /  tu  -  0(x,  -  0)]dy  +  /  [u  -  U(x,  +  O) ]dy 

—00  0 

(24) 

1 

I 

0  00 

K(x)  «  /  (1  +  ky)u(u  -  U(x,  -  0))dy  +  /  (1  +  ky)u(u  -  U(x,  +  0))dy 

(25) 

o 


The  relations  derived  In  ref.  3  can  be  applied: 


K  =  0.035  (1  +  1 .64  Ar (X) ) 


Pr^  =0.5  (1  +  1 .02  Ar (x) )  . 


4.  RESULTS  FOR  HOT  FREE  JETS 
4.1.  First  Order  Approximation 

In  a  first  approach  the  entrainment  and  hence  the  potential  flow  can  be  neglected.  This 
has  been  done  In  ref.  3.  A  proper  selection  of  reference  values  permitted  the  character¬ 
istics  of  the  jet  flow  to  be  expressed  as  universal  function,  In  which  -  In  case  of  tur¬ 
bulent  flow  -  the  Initial  jet  orientation  is  the  only  Input  parcuneter.  When  the  local 
volume  flow, the  momentum  and  the  thermal  energy  are  given  ,  the  characteristic  parameter 
is  the  local  Archimedes  number  Ar(x),  defined  in  Eq. (22). 


Turbulent  Hot  Free  Jets 

Archimedes  Number  Ar{o,a)  and  Ar(N*,a) 


Fig.  4 

Paths  of  Turbulent  Hot  Free  Jet 


Fig.  3  shows  such  a  universal  diagram,  which  covers  all  possible  turbulent  hot  free  jets. 
The  curves  oq  =  const  represent  jets  which  have  the  shape  angle  oo  in  their  virtual 
origin  (Q  =  0) .  The  curves  show  the  dependence  of  the  local  Archimedes  number  Ar{x)  on  the 
local  slope  angle  a(j!).  All  curves  end  up  at  Ar  =  0.47  ,  a  =  90°  corresponding  to  the 
vertical  plume.  Moreover,  the  diagram  contains  the  dimensionless  local  vertical  position 
of  the  jet  with  respect  to  the  virtual  origin  (see  Fig.  2): 


N*  =^ 


Ko(Et  g6„) 


Having  this  Information  it  is  possible  to  determine  the  complete  path  of  each  Individual 
jet.  The  result  is  given  In  Fig.  4.  It  represents  the  paths  of  all  possible  turbulent  jets. 

If  the  initial  volume  flow  is  already  non-zero  then  the  Initial  slope  angle  Oq  in  the 
virtual  origin  of  this  jet  has  to  be  found  via  Fig.  3.  All  other  parameters  of  the  flow 
cein  also  be  determined  by  further  universal  diagrams.  As  an  exeunple  Fig.  5  shows  the 
dimensionless  maximum  velocities 

u_(x)  A, 

«m  =  —  =<-4) 

as  function  of  the  dimensionless  coordinate  along  the  jet  path 

«  -  I  (30) 


where  U„  =  (E_  ge_) 
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Fig.  5  Turbulent  Hot  Free  Jets 
Maximum  Velocity 


In  Fig.  6  the  maximum  velocities, 
maximum  temperatures  and  the  slope 
angles  as  function  of  the  coordi¬ 
nate  along  the  jet  path  are  shown 
for  the  initial  slope  angle  a,  =  O. 
Pareuneter  is  the  Archimedes  number 
Ari  at  the  initial  station.  The 
effect  of  the  buoyancy  forces  can 
be  seem  quite  clearly,  in  particular 
at  the  development  of  the  maximum 
velocity.  The  maximum  velocity  of 
the  isothermal  jet  (Ari  =  O)  is 
decreasing  monotonically  whereas 
the  non-isothermal  jet  will  first 
follow  the  curve  of  the  isothermal 
jet,  but  deviates  further  down¬ 
stream  to  higher  maximum  veloci¬ 
ties,  which  for  high  enough  Ar¬ 
chimedes  numbers  will  even  in¬ 
crease  until  it  reaches  its  final 
constant  value  corresponding  to 
the  vertical  plume. 

The  theoretical  results  have  been 
compared  with  experiments  showing 
quite  satisfactory  agreement. 


Fig.  6  Influence  of  Initial 
Archimedes  Humber  Arx 
on  Turbulent  Hot  Jets 


4.2.  Entrainment  Effects 

The  entrainment  effects  on  the 
path  of  a  turbulent  jet  with 
arbitrary  Archimedes  number  Arj 
and  an  initial  slope  ai  =  O  are 
shown  in  Fig.  7.  The  dotted  lines 
in  this  figure  are  the  results  of 
the  first  order  approximation. 

The  solid  lines  show  the  calculated 
oath  considering  the  induced  outer 
flow  field.  The  general  effect  is 
a  more  bent  path  of  the  jet,  which 
is  mainly  influenced  by  the  induced 
pressure  difference. 


Fig.  7 

Paths  of  Turbulent  Hot  Free  Jets 

-  outer  flow  neglected 

-  outer  flow  included 


5.  HIGHER  ORDER  BOUNDARY  LAYER  THEORY  FOR  HORIZONTAL  LAMINAR  HOT  WALL  JETS 
5.1  Basic  Equations 

A  cartesian  coordinate  system  according  to  Fig.  8  is  used.  In  order  to  get  a  solution  of 
the  system,  Eqns.  (1)  to  (4),  for  large  Reynolds  numbers  the  method  of  matched  asymptotic 
expansions  can  be  applied.  The  whole  flow  field  is  divided  into  two  fields,  the  outer 
region  (potential  flow)  and  the  inner  or  boundary  layer  region. 

1  1 

When  e  =>  -  =  ■  is  used  as  perturbation  pareuneter  and 
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with  the  boundary  conditions; 

N  =  o;  u^=o,v^=o,0^=o 
N--;  u,  =  o,  0,  =  o. 

From  the  solution  we  get  the  entrainment  velocity; 

V,(a,o)  =  -  35  yu^(s,N)  dN  (37) 

Second  order: 


a)  T. 


Fig.  8 

Horizontal  Hot  Wall  Jet 

a)  Coordinate  System 

b)  Wall  Jet  Along  Ground 

c)  Wall  Jet  In  a  Quater  Plane 
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with  the  boundary  conditions: 

N  «  o  ;  U2  “  Vj  “  02  “  o 

R  -►  «  ;  “2  “  /02“O»P2“O* 

The  outer  solution  has  the  asymptotic  series 
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02(s,y),  V2(s,y)  belong  to  a  solution  of  the  Laplace  equation  (potential  flow) 


The  most  important  pareuneter  of  the  problem  Is  the  modified  Archimedes  number 
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For  a  finite  value  of  Ar*  the  reference  temperature,  i.e.  the  thermal  energy  in  the  wall 
jet,  has  to  be  much  larger  then  the  kinetic  energy  represented  by  Ur  when  the  limiting 
case  of  high  Reynolds  numbers  is  considered.  Only 
under  this  condition  the  buoyancy  term  remains  in 
the  first  order  equation. 


5.2.  Result  of  First  Order  Solution 

From  the  momentum  equation  in  y-direction  it  can 
be  seen  that  the  pressure  within  the  hot  wall 
jet  is  lower  than  the  outer  pressure.  Therefore, 
the  wall  pressure  p^^  is  decreasing  at  first,  with 
a  minimum  at  x/L  =  o.o25  •  at*”'®’*  .  The  pressure 


at  that  point  is  about 


•0.836 


=  -  0.75  Ar 


This  lower  pressure  has  also  been  found  in  exper¬ 
iments,  see  refs.  5,  6.  Beyond  that  point  the 
pressure  is  increasing  monotonically  reaching 
zero  again  for  x  -►  <»  .  The  friction  coefficient 

Cj  =  Og  as  function  of  the  coordinate  x 

is  shown  in  Fig.  9.  The  modified  Archimedes 
number  Ar*  is  parameter.  The  curve  Ar*  =  0 
corresponds  to  the  classical  wall  jet  solution 
without  buoyancy  forces.  It  turns  out  that  the 
buoyancy  forces  lead  to  an  increase  of  the  shear 
stress.  By  choosing  suitable  reference  values  it 
is  possible  to  reduce  the  infinite  number  of 
curves  in  Fig.  9  to  just  one  single  curve,  which 
is  given  in  Fig.  10  (Re  -►  <»)  . 

The  following  new  variables  have  been  used; 

cj  =  Ar*~^'°^^  c,  /Re  (45) 


*  0.836  X 


As  a  result  from  first  order  theory  the  shear 
stress  increases  due  to  buoyancy  forces  and  there¬ 
fore  the  danger  of  flow  separation  is  even  less 
than  without  buoyancy  forces. 

5.3.  Results  of  Second  Order  Solution 

The  outer  flow  induced  by  the  wall  jet  is  always 
such  that  the  x-component  of  the  velocity  at  the 
outer  edge  of  the  wall  jet  is  opposite  to  the 
main  flow  of  the  wall  jet.  Surprisingly,  this 
negative  outer  flow  velocity  leads  to  an  increase 
of  the  shear  stress  when  buoyancy  forces  are 
absent.  This  tendency  is  reduced  by  buoyancy 
forces,  but  not  sufficient  to  reach  flow 
separation. 
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Fig.  9  Horizontal  VJall  Jets 
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Fig.  10  Horizontal  Hot  Wall 
Jet  (Pr  =  0.7) 
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SU»fiARY 

A  recent  AGARD  Flight  Mechanics  Panel  Symposium  on  the  "Impact  of  Military  Applications  on  Rotorcraft 
and  V/STOL  Aircraft  Design"  (Paris,  April  1981)  is  sumnarized  with  respect  to  fixed-wing  aircraft.  The 
influence  of  the  mission  needs  on  the  configurational  design  of  V/STOL  aircraft,  the  implications  regarding 
some  problems  in  fluid  dynamics  relating  to  propulsive  flows,  and  their  interaction  with  the  aircraft  and 
the  ground  plane,  are  suimiarized. 


1.  INTRODUCTION 

A  recent  AGARD  Flight  Mechanics  Panel  (FMP)  Symposium  on  the  "Impact  of  Military  Applications  on 
Rotorcraft  and  V/STOL  Aircraft  Design"  (April  1981)  sunmarized  the  military  mission  needs  and  their  influence 
on  the  configurational  aspects  of  V/STOL  aircraft  design;  identified  several  classes  of  V/STOL  aircraft  that 
are  in  various  phases  of  research  and  development;  and  recognized  that,  with  projected  advances  in  technology, 
a  number  of  practical  V/STOL  aircraft  now  appear  feasible. 

To  achieve  the  desired  performance  of  the  V/STOL  aircraft  under  consideration  requires  further  progress 
in  several  technical  disciplines  including  structures,  materials,  controls,  propulsion,  and  aerodynamics.  Of 
particular  interest  to  this  symposium  is  how  the  fluid-dynamical  aspects  of  propulsive  flows  interact  with 
aircraft  surfaces  and  with  the  ground  plane,  thereby  affecting  performance. 

It  is  the  purpose  of  these  remarks  to  summarize  some  of  the  conclusions  of  the  previous  symposium  and 
to  discuss  areas  of  additional  research  in  fluid  dynamics  that  can  contribute  to  an  improvement  in  performance 
of  V/STOL  aircraft. 


2.  MISSION  NEEDS 

The  need  for  military  V/STOL  aircraft  results  primarily  from  the  potential  vulnerability  to  enemy  attack 
of  main  airbases  in  Europe  and  elsewhere,  and  of  large  aircraft  carriers  at  sea.  In  the  event  of  such 
attacks,  V/STOL  aircraft  could  conceivably  operate  from  damaged  runways  or  damaged  carrier  decks  while  con¬ 
tinuing  to  utilize  the  logistics  and  support  capabilities  of  those  major  assets.  Alternatively,  with  the 
introduction  of  dispersed  operations  on  land  and  at  sea,  V/STOL  aircraft  could  operate  without  the  necessity 
for  long  runways  or  large  ships. 

With  respect  to  land-based  aircraft  it  is  argued  that  the  dispersed  site  operational  capability  of  V/STOL 
aircraft  provides  the  advantage  of  quick  response  to  requests  for  close  air  support  with  higher  sortie  rates, 
lower  detectability  on  the  ground,  and  a  lower  probability  of  concentrated  attack.  It  is  important  here  t 
distinguish  between  the  need  for  improvements  in  short  landing  as  opposed  to  short  take-off  capability.  Most 
modern  fighter  aircraft,  by  virtue  of  their  high  thrust-to-weight  ratio,  already  have  the  capability  of  taking 
off  in  relatively  short  distances  (say  2,000  ft),  whereas,  landing  on  a  2,000  ft  runway  is  a  much  more  diffi¬ 
cult  problem,  given  the  allowable  errors  in  touchdown  point  and  a  limited  means  of  reducing  touchdown  speed 
of  conventional  fighters.  Also,  for  transport  aircraft,  the  need  is  for  shorter  landing  capability  at  dis¬ 
persed  destination  points  (long  runways  are  generally  available  at  the  major  supply  points  and  the  return 
takeoff  is  generally  easier  after  the  cargo  delivery  has  been  completed,  since  the  aircraft  is  then  lightly 
loaded). 

With  this  emphasis,  STOL,  in  some  applications,  can  be  refined  to  CTOSL;  i.e.,  conventional  takeoff  and 
short  landing.  It  may  be  feasible  to  design  such  CTOSL  aircraft  with  essentially  the  same  thrust-to-weight 
ratio  as  their  conventional  counterparts  (i.e.,  T/W  -  0.9  for  fighters  and  T/W  -  0.3  for  transports),  thus 
avoiding  the  engine-weight  penalty  usually  associated  with  high  T/W  STOL  aircraft.  The  technical  challenge 
is  to  find  ways  of  using  propulsion-induced  flow  to  augment  aerodynamic  lift,  thereby  reducing  landing  speed 
and  obtaining  good  flightpath  control  to  assure  minimum  touchdown  dispersion. 

In  the  event  that  operation  from  very  short  runways  is  required  (say,  500  to  1,000  ft),  thrust-to-weight 
ratios  higher  than  those  for  conventional  aircraft  become  necessary  and  landing  speeds  become  sufficiently 
low  that  special  consideration  must  be  given  to  aircraft  stability,  control,  and  handling  qualities.  The 
resulting  configuration  effectively  has  all  the  essential  characteristics  required  for  vertical  landing 
(I.e.,  high  T/W  and  a  control  system  integrated  with,  and  dependent  on,  the  propulsion  system).  Again,  the 
landing  task  places  the  greatest  demands  on  the  design;  as  a  result,  the  best  compromise  to  satisfy  mission 
needs  may  be  a  STOVL  aircraft  (short  takeoff  and  vertical  landing)  rather  than  a  VTOL  aircraft.  Payload  and 
fuel-load  capabilities  of  such  an  aircraft  for  short  takeoff  will  be  substantially  better  than  for  vertical 
takeoff. 

For  sea-based  operations,  V/STOL  eliminates  the  need  for  catapult  and  arresting  gear  and  allows  greater 
flexibility  in  ship  operations  obviating  the  need  to  steam  into  the  wind;  e.g.,  during  launch  and  recovery  of 
aircraft.  The  more  compelling  reasons  for  V/STOL,  however,  is  the  concern  regarding  the  vulnerability  of 
large  carriers  to  the  threat  of  long  range  missiles.  V/STOL  aircraft  would  permit  the  smaller,  less  vulnerable 
ships  to  be  deployed  as  a  distributed  force.  The  optimum  size  and  number  of  such  ships  is  the  subject  of 


much  study  but  there  appears  to  be  a  growing  belief  that  a  new  generation  of  aircraft  carriers  having 
deck  lengths  of  approximately  600  to  800  ft  would  be  a  logical  complement  to,  and  ultimately  substitution 
for,  the  current  generation  of  large  carriers. 


For  the  present  generation  carriers  and  a  next  generation  smaller  carrier,  the  STOVL  aircraft  may  be 
the  correct  choice.  Such  aircraft  would  have  substantial  payload  and  fuel-load  capability  by  virtue  of  short 
takeoff  (rather  than  vertical  takeoff)  and  would  permit  greater  flexibility  in  ship  operation  through  vertical 
landing  (at  the  reduced  weight  associated  with  mission  return).  Although  several  types  of  STOVL  and  VTOL 
naval  air  missions  are  cu-rently  under  study,  including  carrier-onboard-delivery,  close  support/attack,  and 
Supersonic  interception,  no  formal  V/STOL  aircraft  requirement  within  the  U.S.  Navy  has  yet  emerged.  It 
seems  likely  that  such  a  requirement  will  evolve,  in  conjunction  with  new  weapon  and  ship  requirements,  as 
part  of  an  integrated  systems  approach  that  addresses  the  problem  of  replacing  the  current  generation  of  large 
aircraft  carriers. 


3.  V/STOL  AIRCRAFT  CONFIGURATIONS 


A  number  of  fixed-wing  V/STOL  aircraft  configurations  were  reviewed  at  the  FMP  Symposium.  Those  selected 
here  for  discussion  are  (a)  the  upper  surface  blowing  (USB)  STOL  aircraft,  (b)  the  turbofan  subsonic  V/STOL 
aircraft,  and  (c)  the  direct  jet-lift  supersonic  V/STOL  interceptor.  They  represent  a  broad  range  of  aircraft 
concepts  covering  CTOSL,  STOL,  STOVL,  and  VTOL.  They  also  incorporate  the  use  of  propulsive  flows  in  a 
variety  of  ways.  Therefore,  they  form  a  good  basis  for  the  subsequent  discussion  of  several  areas  in  fluid 
dynamics  which  need  to  be  better  understood  with  a  view  to  optimize  proulsive  induced-flow  effects. 

3.1  Upper  Surface  Blowing  (USB) 


The  upper-surface  blowing  concept  uses  the  engine  exhaust,  usually  from  a  high-bypass-ratio  engine,  in 
conjunction  with  a  trai 1 i ng-edge  flap  to  improve  the  wing  lift  through  Coanda  flow  turning  and  increased  wing 
circulation.  The  schematic  engine-wing-flap  geometry  for  a  recent  demonstration  program  (the  Quiet  Short-Haul 
Research  Aircraft  program  conducted  by  NASA  and  Boeing)  is  shown  in  Fig.  1.  Maximum  lift  coefficients  above 
10  have  been  demonstrated  in  flight,  compared  with  lift  coefficients  of  the  order  of  2  that  are  usually 
achieved  by  aerodynamic  means  on  a  typical  transport  aircraft  wing-flap  combination.  With  various  flight 
safety  margins,  values  of  Cl  and  the  corresponding  low  approach  speeds  (60  knots)  and  landing  distances 
(500  ft)  for  moderate  thrust-to-wei ght  ratios  (-0.5)  clearly  indicate  the  value  of  incorporating  the 
propulsive-aerodynamic  interactions  into  the  design  of  STOL  aircraft. 
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BYPASS  RATIO  =  6.0 
INSTALLED  STATIC  USB  FLAP 
THRUST  =  6225  lb  (COANDA  SURFACE 
LANDING  FLAP 
(e>  50  deg 


(a)  Quiet  STOL  Research  Aircraft  (b)  Engine-Wing  Schematic, 

with  Upper  Surface  Blowing 
(NASA-Boeing) . 

Figure  I.  Upper  Surface  Blowing. 


This  work  is  now  being  extended  to  examine  configurations  of  conventional  thrust-to-weight  ratios 
(T/W  =  0.3)  -  characteristic  of  military  transport  aircraft  -  and  to  determine  whether  effective  flow  turning 
can  be  maintained  under  these  lower  thrust  conditions.  The  high  speed  (transonic)  characteristics  of  this 
engine-wing  combination  are  also  being  investigated  to  determine  whether  positive  interference  between  the 
wing  and  the  exhaust  flow  can  be  realized  that  will  lead  to  improved  cruise  efficiency.  These  results  will 
have  important  implications  regarding  the  questions  of  whether  CTOL  aircraft  can  achieve  short  landing  per¬ 
formance  (i.e.,  CTOSL  aircraft)  simply  by  changing  the  engine  placement  and  flap  design.  Several  fluid 
dynamic  areas  are  of  interest  for  this  concept. 


3.2  Vectored  Turbofan 

This  STOVL  or  VTOL  concept  has  also  been  the  subject  of  extensive  research  (by  Grumman  and  NASA',  includ¬ 
ing  full-scale  static-  and  wind-tunnel  tests,  and  small-scale  model  flight  tests  in  transition  and  hover.  It 
employs  two  high-bypass-ratio  engines  (which  can  be  tilted  to  change  the  thrust  vector)  integrated  with  con¬ 
trollable  inlet  guide  vanes  and  a  system  of  control  vanes  in  the  engine  exhaust  flow  (Fig.  2).  The  effec¬ 
tiveness  of  these  vanes  in  deflecting  the  exhaust  flow  to  provide  control  moments  in  hover  and  transition  is 
of  particular  interest.  The  vane  pitching  moment  was  found  to  be  linear  over  a  deflection-angle  range  of 
^20’,  whereas  only  of  deflection  was  required  to  provide  trim  moment  for  the  aircraft.  Evidently,  sub¬ 
stantial  margin  remained  for  maneuvering  and  gust  compensation. 


The  influence  of  the  ground  plane  on  aircraft  lift  is  also  of  extreme  interest.  Aircraft  lift  for  a 
given  thrust  was  found  to  depend  on  aircraft  height  above  ground  because  of  the  exhaust  impingement  and 
the  resulting  fountain  effect.  Ground  effect  was  positive  (i.e.,  lift/thrust  -  1)  and  increased  typically 
to  a  maximum  of  about  1.08  at  a  height  equal  to  twice  the  engine  inlet  diameter.  However,  substantial  changes 
in  lift  associated  with  meandering  of  the  fountain  were  observed.  Further  research  is  needed  for  this 
unsteady  phenomenon  to  be  fully  understood. 
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(a)  Tilting  Turbofan  VTOL  Aircraft 
(NASA-Gruimian ) . 


(b)  Variation  of  Pitching  Moment 
with  Control  Vane  Angles. 


Figure  2.  Vector  Turbojet. 


3.3  Direct  Jet  Lift 


Figure  3. 


Supersonic  VTOL  Configuration  with 
Plenum  Chamber  Burning  (Rolls  Royce). 


Direct  jet  lift  has  been  successfully  applied  to  the  Harrier  VTOL  aircraft  and  is  now  being  considered 
for  application  to  supersonic  fighter  and  interceptor  aircraft.  The  Harrier  aircraft  employs  a  "four  poster" 
Pegasus  engine  in  which  four  rotatable  nozzles  direct  the  flow  downward  for  vertical  flight.  The  two 
forward  nozzle  exhausts  are  relatively  cool  since  they  use  by-pass  air,  whereas  the  two  rear  exhausts  are 
hot.  In  some  applications  it  is  necessary  to  maintain  a  nominal  aircraft  forward  speed  in  order  to  avoid 
damage  to  the  ground  plane  due  to  excessive  heating. 

Despite  the  exhaust  impingement  problem,  the  Harrier 
has  operated  successfully  from  various  ground  sur¬ 
faces  including  road  segments,  grass  fields,  dirt 
strips,  and  altminum  matting.  It  is  therefore  natural 
to  seek  ways  of  adapting  this  successful  form  of  pro¬ 
pulsion  to  supersonic  aircraft. 

Two  general  variants  of  the  Pegasus  approach  to 
direct  jet  lift  applicable  to  STQVL  and  VTOL  are  cur¬ 
rently  under  study  (by  BAE  and  Rolls  Royce).  The  first 
of  these  (Fig.  3)  adds  plenum  chamber  burning  (PCB) 
to  the  two  front  nozzles  to  increase  the  thrust  and 
combines  the  two  rear  nozzles  (to  reduce  supersonic 
drag)  into  a  single  nozzle  which  also  rotates  into  a 
vertical  thrust  position.  While  extensive  testing 
has  been  conducted  to  prove  the  PCB  concept,  questions 
remain  regarding  the  effects  of  the  three  hot  exhausts 
on  the  ground  plane  and  on  the  underside  of  the  air¬ 
craft.  Also  the  fountain  produced  by  the  three 
exhaust  streams  may  be  less  stable  than  that  of  the 
more  symmetric  four-poster  configuration  of  the 
Harrier  and  may  produce  adverse  effects  from  hot-gas 
ingestion  into  the  engine. 

The  second  broad  variant  of  the  Pegasus  approach 
(under  investigation  by  de  Havilland  of  Canada)  is  to 
augment  the  thrust  of  the  forward  nozzles  by  using 
ejectors  located  in  the  fuselage  (Fig.  4).  This  has 
the  advantage  of  retaining  the  cold  front  exhausts 
(thus  avoiding  the  adverse  effects  of  hot  gas  inges¬ 
tion)  and  providing  a  relatively  low  impingement 
velocity  on  the  ground  plane.  The  two  rear  hot  noz¬ 
zles  are  again  combined  into  a  single  nozzle  as  in  the 
previous  discussion.  Uncertainties  that  remain  to  be 
resolved  include  (a)  the  extent  to  which  thrust  can 
be  improved  by  cold  flow  augmentation  within  the 
geometrical  constraints  of  a  practical  supersonic  air¬ 
craft  design,  and  (b)  the  effect  of  the  fountain 
caused  by  the  impingement  of  exhaust  flows  (in  this 
case  heating  effects  should  not  be  a  problem  due  to 
extensive  use  of  cold  air;  however,  the  fountain  may 
cause  upset  moments  on  the  wing  and  fuselage). 


Figure  4. 


Supersonic  VTOL  Configuration  with  Fuse¬ 
lage  Thrust  Augmentor  (de  Havilland). 


4.  PROBLEMS  IN  FLUID  DYNAMICS 


The  practical  problems  touched  upon  in  the  previous  discussion  represent  only  a  limited  cross-section 
of  those  that  fall  within  the  scope  of  this  symposium  on  the  "Fluid  Dynamics  of  Jets  with  Application  to 


V/STOL."  Two  general  areas  of  Interest  to  fluid  dynami 


FLOW  IMPINGEMENT 

Figure  5.  STOL  Fluid  Dynamics  Phenomena. 

FOUNTAIN  FLOW 
AND 


Figure  6,  VTOL  Fluid  Dynamics  Phenomena. 


>  seem  to  occur  and  recur  whenever  V/STOL  aircraft 
configurations  are  discussed,  namely:  (1)  the 
mixing  between  a  propulsive  stream  and  a  parallel 
flow  In  producing  thrust  and  lift,  and  (2)  propulsive 
flows  Issuing  from,  and  Impinging  upon,  neighboring 
surfaces. 

First,  with  respect  to  the  mixing  of  the  pro¬ 
pulsive  flow  with  a  near  parallel  stream  (Fig.  5), 
although  there  Is  extensive  analytical  and  experi¬ 
mental  work  reported  in  the  technical  literature, 
additional  work  is  required  on  the  lateral  spreading 
of  jet  flows  over  curved  surfaces  (e.g.,  the  upper 
surface  of  a  wing)  and  on  the  subsequent  turning 
from  the  stream  direction  of  Coanda  surfaces.  Such 
redirection  of  the  flow  Is,  In  principle,  one  of  the 
simplest  ways  of  Increasing  wing  lift  without  atten¬ 
dant  duct  losses  and  without  complex  mechanical 
devices.  The  application  of  this  principle  to 
increasing  or  controlling  the  circulation  around 
wings  and  other  lifting  devices  is  receiving  atten¬ 
tion  in  both  the  fixed-wing  aircraft  and  helicopter 
Industries,  although  the  basic  phenomena  are  not  yet 
fully  understood. 

Second,  regarding  propulsive  flows  issuing  from, 
or  impinging  upon,  neighboring  surfaces  (Fig.  6),  a 
wide  variety  of  fluid  dynamical  phenomena  in  two  and 
three  dimensions  remain  to  be  fully  explored  and 
explained.  These  Include:  augmentor  mixing,  internal 
vorticity  within  jets  in  a  crossflow,  the  influence 
of  a  closely  placed  ground  plane  on  the  thrust  per¬ 
formance  of  augmentors  and  jets,  flow  spreading  over 
the  ground  plane,  stability  of  fountain  flows  in  the 
presence  of  neighboring  surfaces,  etc.  In  contrast  to 
the  near-parallel  flows  discussed  earlier,  this  class 
of  flows  may  be  characterized  by  convection  and  the 
generation  of  shear  stress  in  several  directions  so 
that  thin  layer  approximations  to  the  flow  are  not 
valid.  There  has  been  some  progress  through  the  use 
of  computer  models  of  the  flow,  but  these  invariably 
depend  on  assumptions  relating  to  the  nature  of  tur¬ 
bulent  transport  of  momentum  and  energy  which  are  not 
generally  based  on  definitive  experiments  that  per¬ 
tain  to  the  particular  geometry  in  question.  A  con¬ 
centrated  effort  is  needed  to  combine  careful  experi¬ 
mental  measurement  with  intelligent  computer  modelling 
In  order  to  gain  a  better  understanding  of  some  of  the 
controlling  phenomena  in  V/STOL  related  fluid  dynamics. 


5.  CONCLUDING  REMARKS 

The  mission  needs  for  V/STOL  aircraft  are  again  receiving  critical  attention  for  both  land-based  and 
sea-based  forces.  The  traditional  disadvantages  of  V/STOL  aircraft  In  terms  of  payload  and  range  are  now 
being  reduced  by  advances  in  technology  and  offset  by  the  Introduction  of  new  operational  modes  for  the 
deployment  of  these  aircraft.  The  successful  operational  experience  of  the  Harrier  lends  credibility  to  the 
mission  value  of  V/STOL  aircraft. 

Improvements  In  the  use  of  propulsive  forces,  involving  the  engine  airflow  and  its  interaction  with  the 
aircraft  aerodynamic  flow,  are  evolving  as  the  critical  element  In  many  of  the  V/STOL  aircraft  configurations 
under  consideration.  In  particular,  for  CTOSL  and  STOL  aircraft.  It  appears  that  substantial  reductions  in 
takeoff  and  landing  speeds  and  resulting  field  lengths  can  be  achieved  by  placement  of  the  engine  exhaust 
above  the  wing  (upper-surface  blowing)  without  the  necessity  for  increasing  the  installed  thrust  of  the  air¬ 
craft.  For  VTOL  aircraft  new  developments  in  thrust  augmentation  (plenum  chamber  burning  or  the  use  of  cold- 
flow  ejectors)  now  permit  the  consideration  of  STOVL  supersonic  fighter/interceptor  configurations  having 
little  penalty  In  propulsion  system  weight  when  compared  to  their  CTOL  counterparts. 

The  performance  and  operational  effectiveness  of  these  configurations,  however,  will  depend  on  the  suc¬ 
cessful  Integration  of  propulsion  and  aerodynamics;  I.e.,  a  more  complete  understanding  of  the  fluid  dynamics 
of  the  propulsive  flow  and  Its  Interaction  with  the  airframe  and  the  ground  plane.  It  seems  most  likely  that 
this  improved  understanding,  when  applied  to  the  most  promising  configurational  concepts,  will  result  in  a  new 
generation  of  V/STOL  aircraft  that  will  add  a  new  dimension  to  the  development  of  air  defense  forces. 


J 
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Investigation  of  Wall  Jets 

E.  Krause,  D.  HSnel,  N.I.I.  Hewedy 
Aerodynamisches  Institut 
RWTH  Aachen 
Germany 


The  interaction  between  wall  jets  and  the  main  flow  is  presently  being  studied  by  means  of  experimental  and  numerical 
investigations.  The  fallowing  jet-configurations  are  considered:  Tangential  injection  of  a  jet  through  a  slot  in  a  forward 
facing  step  into  a  boundary  layer,  which  is  tripped  at  the  leading  edge,  and  tangential  and  slightly  inclined  injection  of  a 
jet  through  a  slot  in  a  rearward  facing  step.  In  the  following  the  aims,  means  of  investigations,  and  results  are  briefly 
described. 

Tangential  injection  through  a  slot  in  a  forward  facing  step 

An  incompressible  two-dimensional  flow,  generated  in  the  closed  low-speed  wind  t:sinel  of  the  Aerodynamisches  Institut 
was  tripped  at  the  leading  edge  of  a  flat  plate  mounted  tangentially  on  the  bottom  of  the  test  section  (Fig.  1).  About 
1  m  downstream  from  the  leading  edge  a  forward  facing  step  with  a  slot  was  mounted  on  the  plate.  Both,  slot  height  and 
the  height  of  the  step  could  be  varied.  The  aim  of  this  investigation  is  to  study  the  deflection  of  the  jet  issuing  through 
the  slot  by  the  main  flow,  the  wall  pressure  and  shear  distribution  upstream  of  the  step,  the  variation  of  the  location  of 
the  separation  point  as  a  function  of  Reynolds  number,  slot-  and  step  height,  velocity  ratio  u.  ./uq,,  and  the  time 
averaged  velocity  profiles,  and  Reynolds  stresses  upstream  of  the  separation  point  ID  .  The  measured  velocity  profiles 
are  to  be  compared  with  predictions  obtained  through  finite-difference  approximations  of  the  boundary  layer  equations, 
which  were  closed  with  simple  assumptions  for  the  Reynolds  stresses. 

The  wall  pressures  were  measured  through  62  holes  (with  diameter  0,6  mm)  along  the  center  line  of  the  plate  with  a 
micromanometer  and  two-Betz-manometers.  Hot-wire  anemometers  were  used  for  measuring  profiles  of  main  velocity 
and  the  Reynolds  stresses.  A  pulsed  wire-anemometer  was  used  in  the  separated  region  flow.  The  wall  shear  was 
determined  with  a  Preston  tube. 

The  experimental  results  show  that  the  wall  pressure  distribution  is  strongly  influenced  by  the  slot  height  and  the 
velocity  ratio  u-  ./u<o.  It  was  found  that  all  wall  pressures  can  be  correlated  through  similarity  parameters  (Fig.  2).  A 
rough  correlatidn  of  the  wall  shear  distribution  is  also  possible.  Relatively  close  agreement  is  obtained  in  a  comparison 
of  the  experimental  data  with  predictions  of  the  separation  point  (Fig.  3).  The  comparison  of  the  numerical  predictions 
with  the  measured  velocity  profiles  revealed,  that  overall  agreement  is  good,  except  for  the  region  close  to  the 
separation  point  (Fig.  4).  Velocity  profiles  measured  in  the  separated  flow  region  with  a  pulsed  wire-anemometer  (see 
for  example  Fig.  5)  are  presently  being  used  to  model  closure  assumption  for  the  flow  in  the  immediate  vicinity  of  the 
jet. 

Injection  through  a  slot  in  rearward  facing  step 

In  the  second  part  of  the  investigation  the  influence  of  tangential  slot  injection  in  an  attached  boundary  layer  on  the 
surface  pressure  distribution  has  been  studied  numerically,  while  experiments  are  presently  being  prepared. 

The  flow  has  been  determined  by  matching  finite-difference  soiutioris  of  the  potential  equation  and  the  boundary  layer 
equations  for  two-dimensional,  steady,  compressible  turbulent  flow. 

For  the  solution  of  the  potential  equation,  relaxation  techniques  are  being  employed.  The  boundary-layer  equations  are 
solved  by  implicit  finite-difference  techniques.  The  boundary  conditions  on  the  surface  are  defined  either  by  the  no-slip 
conditions  or  in  the  case  of  injection  by  prescribed  values  of  velocity  and  temperature  or  heat  flux.  For  inclined 
injection,  also  the  normal  velocity  at  the  wall  can  be  prescribed,  but  it  is  restricted  in  its  magnitude  through  the 
boundary-layer  approximation.  The  matching  of  the  solutions  for  the  inviscid  flow  and  the  boundary-layer  equations  is 
carried  out  iteratively.  The  normal  velocity  at  the  outer  edge  of  the  boundary  layer  provides  the  boundary  condition  for 
the  solution  of  the  inviscid  flow  on  the  surface,  and  inversely,  the  outer  boundary  conditions  for  the  boundary  layer  are 
taken  from  the  iterated  solution  for  the  inviscid  flow.  The  results  obtained  so  far  show  that,  if  the  interaction  of  the 
boundary  layer  with  the  inviscid  flow  is  taken  into  account,  the  displacement  effect  becomes  an  important  factor.  Its 
influence  was  studied  by  varying  the  strength  and  the  position  of  the  injection  with  respect  to  the  leading  edge.  Some 
results  are  shown  here  ( 2 1  ,  as  an  example,  for  a  viscous  transonic  flow  over  a  6  percent  parabolic  airfoil.  In  Fig.  6  the 
pressure  coefficient  of  the  profile  at  zero  angle  of  attack  is  plotted  for  vanishing  injection  rate.  The  inviscid  solution 
clearly  shows  the  shock  wave  and  the  past-shock  expansion.  In  the  viscous  flow  the  shock  is  smeared  out  by  viscous 
effects.  The  influence  of  injection  immediately  upstream  of  the  shock  is  shown  in  Fig.  7.  The  solid  curve  corresponds  to 
the  viscous  pressure  distribution  in  Fig.  6.  The  other  curves  indicate  various  injection  rates.  The  pressure  distribution 
with  injection  shows  larger  expansions  and  steeper  adverse  pressure  gradients.  This  behaviour  of  the  flow  can  be 
explained  by  the  variation  of  the  displacement  thickness  shown  in  Fig.  8.  In  the  case  of  injection  the  displacement 
thickness  decreases  near  the  slot  and  causes  there  an  additional  expansion  followed  by  the  recompression  shock  which 
moves  further  upstream.  The  influence  of  injection  in  the  supersonic  region  upstream  of  the  shock  is  shown  in  Fig.  9. 
The  pressure  distribution  is  changed  significantly  by  the  additional  expansion  and  recompression  waves.  Similar  results 
were  obtained  for  lifting  airfoils.  Presently  the  solution  is  extended  to  large  injection  rates,  but  restricted  to 
subsonic  outer  flow  (31. 

Such  a  injection  was  simulated  by  blowing  through  a  backward  facing  step.  In  the  slot  fully  developed  flow  was  assumed. 
The  profile  in  the  inlet  was  held  fixed,  but  the  upstream  influence  in  the  boundary  layer  is  considered.  Near  the  slot, 
Strang  normal  gradients  of  the  tangential  velocity  cause  a  large  variation  of  the  normal  velocity,  which  can  exceed  the 
limit  of  Prandtl's  boundary-layer  theory.  These  phenomena  restricted  investigations  to  moderate  injection  rates  in 
calculation  nwntioned  before,  in  which  iterative  coupling  of  a  boundary-layer  solution  and  a  potential  flow  solution  was 
used.  The  strong  interaction  between  a  compressible,  laminar  or  turbulent  boundary  layer  and  a  jet,  was  investigated  by 
direct  coupling  of  the  numerical  solution  of  the  boundary-layer  equations  and  one  for  the  potential  equation. 


30-2 


In  the  vicinity  of  the  injection  region  the  pressure  is  not  prescribed  as  in  Prandtl's  theory,  but  is  computed  as  part  of  the 
solution  by  coupling  the  boundary  layer  with  the  outer  potential  flow  through  the  displacement  thickness.  The  pressure 
is  split  up  into  one  part  which  is  obtained  from  the  solution  for  the  inviscid  flow  about  the  body  contour  and  into  a 
second  part,  calculated  from  a  solution  of  the  small  perturbation  potential  equation  (e.g.  the  Hilbert  integral),  which 
takes  into  account  the  displacement  through  the  boundary  layer.  Its  discretized  form  results  in  a  quasi-linear  relation 
between  displacement  thickness  and  pressure. 

A  second  relation  is  obtained  for  the  displacement  thickness  and  the  pressure  from  the  boundary-layer  equations.  When 
discretized  with  an  implicit  finite-difference  scheme,  they  yield  a  system  of  linear  equations  with  a  tridiagonal  matric 
structure.  The  recursion  relation  is  used  to  eliminate  u  in  the  expression  for  the  displacement  thickness,  so  that  similar 
to  an  inverse  boundary-layer  method,  the  pressure  is  given  as  function  of  the  displacement  thickness.  This  relation  is 
coupled  with  the  relation  obtained  from  the  potential  aquation,  and  the  pressure  is  updated  during  the  bomdary-layer 
calculation.  A  global  iteration  over  the  length  of  the  interaction  region  is  necessary  in  order  to  determine  the  upstream 
influence  on  the  pressure.  The  iteration  can  be  accelerated  by  overrelaxing  the  displacement  thickness  during  the 
iteration. 

The  coupling  was  facilitated  in  the  following  way:  Assume  that  the  compressible  flow  in  the  boundary  layer  can  be 


described  by  Prandtl’s  boundary-layer  equations,  i.e. 

(pu)jj  +  (pv)y  -  0  (1) 

PUUjj  +  PVUy  +  =  (UUy)y  (2) 

puhjj  +  pvhy  -  UPjJ  «  {^Tyly  +  p(Uy)^  O) 

On  the  outer  edge  of  the  boundary  layer  the  flow  is  governed  by  the  Euler  equations 

^“e“e*  ♦  Px  =  °  ‘4) 

hg  +  u2/2  =  (5) 


The  pressure  can  be  thought  of  as  consisting  of  one  part  due  to  the  inviscid  flow  field  p,^(x)  and  one  part  due  to  viscous 
displacement  of  the  inviscid  flow  p.  (x),  so  that 

0 


P(x)  =•  Pgjx)  +  Pjfx) 


(6) 


The  pressure  due  to  viscous  dispiacement  can  be  determined  in  the  frame  of  small  perturbation  theory  for  subsonic  flow, 
hence 


Pfi(X) 
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where  A(x)  is  the  mass  flux  displaced  by  the  boundary  layer 

5 

A(*)  =  /  (Pe“e  “ 


(8) 


The  pressure  Pg  (x)  takes  into  account  the  displacement  upstream  from  the  position  x. 

The  numerical  solution  can  be  obtained  with  an  implicit  formulation,  in  which  the  recursion  relation  can  be  written  as 


u  =E  u.,  +F  +G  u 
m,n  tn,n  in+l,n  m,n  in,n  en 


(9) 


The  indices  m  and  n  count  the  steps  in  the  directions  normally  and  tangentially  to  the  wall.  The  quantity  u  Is  the 
unknown  external  velocity.  The  integral  for  the  mass  flux  can  be  replaced  by  a  sum  in  finite-difference  formublion,  i.e. 


A-  •  J  u™  „  +  B.  u. 

in«l 


(10) 


The  last  two  equations  can  be  combined  to  yield 


An  “  B,  _  _  +  3,  - 


{ 


(11) 
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The  coefficients  p.and  p,  are  functions  of  the  recursion  coefficients  C,F,  and  G  and  of  the  density  of  the  outer  edge  of 
the  boundary  layer.TJow,  flnce  pg  is  related  to  u^,  the  expression  for  Pg  can  be  written  as 


P«,n 
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s/l-Maf 
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k  *k  *  ®n,n  "n 
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(12) 


The  value  of  upstream  of  the  location  x  =  (n-l)  Ax  are  taken  from  the  last  iteration  and  the  downstream  values  from 
the  forelast  one.  If  p  is  replaced  through  the  Euler-equation  (4),  there  is  obtained 
o  »■' 


e,n 


l^n  n  2,n 


(13) 


so  that  from  eq.  (11)  and  (13)  the  final  result  is  given  by 


“e.n  =<“l.n  ®l,n  ^  "  Si,„) 


(14) 


The  calculation  is  repeated  until  convergence  is  obtained.  This  method  of  solution  can  be  incorporated  into  the 
numerical  solution  of  the  boundary-layer  equations  without  effort. 

Figs.  10  and  11  show  some  results  obtained  for  tangential  slot  injection  into  a  subsonic  boundary  layer  over  a  flat  plate. 
In  Fig.  10a,  b,  c  the  velocity  profiles  near  the  slot,  the  displacement  thickness  and  the  pressure  disturbances  through  the 
interaction  are  shown  as  a  function  of  the  streamwise  coordinate.  For  laminar  flow  a  parabolic  velocity  profile  was 
assumed  for  the  flow  in  the  slot.  The  slot  is  positioned  at  x/L  =  1  and  strong  interaction  was  considered  between  x/L  = 
.3  and  2.  If  the  blowing  rate  mg. /(6a>UooH)  is  greater  one,  as  in  this  case,  the  displacement  thickness  decreases  near  the 
slot.  The  pressure  shows  a  rapio  variation  near  the  slot  and  increases  finally  in  the  mixing  region  downstream  from  the 
slot.  The  opposite  behaviour  is  observed  for  slot  injection  with  mg^AbooUoo*^)*^!  iti  Figs.  11a,  b  and  c.  In  this  case  the 
displacement  thickness  increases  continously  and  the  pressure  incr^eases  slightly  upstream  from  the  slot  and  after  a 
relatively  small  decrease  remains  constant. 

These  results  show  that  the  boundary-layer  can  substantially  be  influenced  through  the  blowing  rate,  in  particular,  if  the 
displacement  thickness  is  affected.  Small  changes  in  the  thickness  distribution  can  cause  relatively  large  changes  in  the 
pressure.  The  method  is  at  the  present  time  being  extended  to  the  calculation  of  transonic  boundary  layers. 
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Fig.  1;  Experimental  set  up  for  tangential  injection  through 
a  slot  in  a  forward  facing  step. 


Fig.  2:  Wall  pressure  distribution  measured  upstream  of  the 
slot  shown  in  Fig.  1. 
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.Fig.  3:  Wall  shear  distribution  measired  t4>stream  of 
the  slot  shown  in  Fig.  1.  Comparison  with  predicted 
separation  points. 


Fig.  4:  Time  averaged  velocity  profiles  measured  upstream 
of  the  separation  point.  Comparison  with  numerically  pre¬ 
dicted  data. 


Fig.  6:  Pressure  distribution  without  injection  for  a 
6  percent  (parabolic  airfoil. 


Fig.  7:  Pressure  distribution  with  injection  on  a  6  per¬ 
cent  parabolic  airfoil. 


Fig.  5t  Measirad  velocity  profiles  in  the  separated  region. 


Fig.  8:  Displacement  thickness  for  injection  rates 
given  in  Fig.  7. 


Fig.  9:  Pressure  distribution  for  a  6  percent  parabolic 
airfoil. 
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Fig.  11a:  Development  of  the  velocity  profiles  in  the 
boundarv  layer  near  the  slot.  .  rfu, 

Re  =  lO’;  Ma  =  0.1;  H/L  =  10'^;  — --tt-  =  0.4. 
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Fig.  11b:  Displacement  thickness  as  function  of  x. 
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rig»  lie:  Induced  pressure  as  function  of  x. 
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THE  CALCULATION  OF  JET  INTERFERENCE  PRESSURE  DISTRIBUTION  USING  INTEGRAL  AND 
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SUMMARY 

A  discussion  of  factors  influencing  interference  effects  on  aerodynamic  surfaces  surrounding  jets  is  used  to  introduce  a  tracer  gas  method  for  the 
measurement  of  jet  entrainment.  The  application  of  this  technique  to  the  study  of  axisymmetric  free  jets  is  described.  A  numerical  mediod  is  developed  which 
employs  me^red  values  of  entrainment  to  compute  the  interference  pressure  distribution  over  a  flat  surface  surrounding  the  jet.  Comparisons  are  made  widi 
theory  to  show  that  computational  inacojracies  may  be  reduced  to  required  values.  Examples  are  quoted  which  show  that  there  is  good  agreement  between 
measured  and  computed  surface  pressure  distributions. 

NOMENCLATURE 

B| ,  Ba  entrainment  coefficients 

C  concentration  of  tracer  gas 

Co  concentration  of  tracer  gas  at  nozzle  exit 

Cl  concentration  of  tracer  gas  in  atmosphere 

F  interference  force 

I  length 

ma»  flow  rate  of  air  leaving  nozzle 
rhe  mass  flow  rate  of  entrained  air 

fhg  mass  flow  rate  of  tracer  gas 

n  poative  integer 

P  pressure 

Q  sink  strength 

R  radius  measured  from  sink  to  plane  surface 

r  horizontal  radius  from  nozzle  centre  line 

rj  nozzle  radius 

ro  surface  radius 

T  jet  thrust 

v|  jet  velocity 

Vg  radialvelocity  towards  sink 

Vr  radialvelocity  parallel  to  surface 

W  mass  fraction  of  tracer  gas  in  jet  at  nozzle  exit 

WfTi  bulk  mean  mass  fraction  of  tracer  gas  in  air 

z  axial  distance  from  nozzle  exit 

6  angle  subtended  at  jet  axis 

p  density 

1.  INTRODUCTION 

The  phenomeru  of  the  entrainment  of  surrounding  fluid  into  a  freely  emanating  jet  is  well  known  and  this  has  been  utilized  for  pumping  in  both  high 
»id  low  pressure  applications  such  as  iniectors  and  vacuum  pumps.  Generally  it  has  been  adequate  to  know  the  order  of  total  entrainment  achieved  by  a  jet 
s^eam  but  now  in  this  era  of  jet  lift  aircraft  it  is  of  increasing  importance  to  gain  as  much  quantitative  data  as  possible  about  the  variation  of  entrainment 
along  jet  tr^ectories. 

The  reason  for  this  need  for  an  extension  in  knowledge  is  because  of  the  significance  of  jet  entrainment  in  the  stimulation  of  sutic  pressure  interference 
on  surfaces  adjacent  to  die  jet.  Entrainment  is  however,  only  one  aspect  of  the  total  flow  field  H^ich  causes  loss  of  lift  on  the  aerodynamic  surfaces  of  jet  lift 
airaaft.  A  review  of  a  large  number  of  reports  (1 )  attempted  to  correlate  data  from  different  sources  but  found  that  there  was  no  large  measure  of  agreement. 
Furthermore  certain  aspects  of  the  subject  could  be  seen  to  have  been  rather  n^ected.  This  was  principally  due  to  the  fact  that  in  jet  aerodynamics  there  are 
a  large  number  of  variables  involved,  many  of  which  are  mutually  independent 

It  has  been  suggested  (1)  that  consideration  of  the  phenomena  could  be  simplified  by  recognising  that  it  is  the  flow  field,  created  by  the  interaction  of 
jet  and  cross  flow,  which  is  responsible  for  the  pressure  distribution  over  the  associated  aerodynamic  surface.  This  is  illustrated  in  Fig.  1 . 

The  flow  field  is  created  by  the  interaction  of  many  independent  variables  broadly  grouped  into  two  main  categories,  Geometric  and  Fluid  Dynamic. 

The  Geometric  variables  relate  to  both  the  rtozzle  (for  example:  shaipe,  Interior  surface,  number,  size,  incymation  etc.)  and  the  parts  of  air  frame  with 
which  it  is  associated  (for  example:  main  plane,  fuselage,  tail  assembly  etc.).  Die  fluid  dynamic  variables  relate  to  the  properties  of  the  jet,  and  the  cross  flow, 
fluids. 

Two  basic  parameters  may  be  used  to  describe  the  flow  field,  created  by  the  above  interactions,  namely  entrainment  and  blockage.  Entrainment  is  that 
mass  of  fhjkf  drawn  from  the  surroundings  into  the  jet.  In  the  case  of  the  free  jet  this  process  occurs  as  a  result  of  turbulent  mixing  only,  but  when  cross  flow 
is  superimposed  the  deflected  jet  forms  the  familiar  pattern  consisting  of  two  contra  rotating  vmtices  which  draw  additional  fluid  into  the  plume.  Blockage 
is  the  obstruction  to  the  cross  flow  created  by  a  solid  body  which  has  the  same  geometrical  shape  as  the  jet  plume  developing  from  the  nozzle  exit. 

The  flow  field  in  turn  is  considered  to  be  responsible  for  the  generation  of  surface  effects  such  as  pressure  distributions,  interference  forces  and 
moments  etc. 

The  emphasis  in  this  study  is  a  closer  examination  of  the  flow  field,  in  particular  the  entrainment  into  the  jet  plume  and  the  relationship  of  this  with  the 
induced  pressure  field.  In  order  to  simplify  the  experlmenUl  work,  only  (he  case  of  an  axisymmetric  jet  discharging  into  sUtionary  surroundings  has  been 
examined  at  this  stage.  This  has  had  the  effect  of  reducing  the  number  of  variables  involved  and  allowing  the  flow  field  to  be  specified  solely  in  terms  of 
entrainment. 

Prediction  of  sur^ce  pressure  variations  have  been  made  by  assuming  that,  for  entrainment,  the  jet  can  be  midiematicallv  modelled  on  the  basis  of  a  line 
sink  sitting  along  Its  axial  centre  line.  Using  the  philosophy  that  an  axisymmetric  jet  comprises  a  potential  core  length  followed  by  a  fully  mixed  development 
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it  is  possible  to  argue  that  the  sink  can  consist  of  two  sections  one  after  each  other  each  having  its  own  separate  (but  consuni)  radial  strength.  The  basic 
method  of  calculation  of  interference  pressure  is  shown  in  section  S  and  can  be  seen  to  have  a  serious  limiuilon  as  it  leads  to  the  prognosis  of  an  infinite 
pressure  force  on  an  infinite  surrounding  plvse  surface. 

Surprisingly  enough,  improvements  to  this  rather  basic  calculation  method  have  not  been  possible  up  to  now  because  of  a  scarcity  of  data  on  how 
entrainment  varies  along  the  axes  of  jets  (1,2)  and  indeed  how  this  affects  the  flow  pad). 

It  is  worth  re-suting  at  this  point  that  another  aspect  of  jet  iraieclory  and  interference  is  that  of  blockage.  The  method  of  allowing  for  this  as  well  as 
entrainment  has  been  referred  to  by  Or.  Bradbury  in  the  general  review  where  by  the  jet  is  modelled  on  the  basis  of  a  line  doublet  but  possibly  having  sinks 
and  sources  of  unequal  strengths. 

The  difficulty  detailed  in  this  introduction  led  to  the  aims  of  this  particular  investigaticm. 

Z  AIMS 

The  purpose  of  the  investigation  was  two  foldi- 

(a)  to  correct  the  serious  deficiency  in  entrainment  for  axisymmetric  free  jets,  including  investigating  effects  on  entrainment  of  independent  variables  such 

as  flow  velocity  temperature  etc.  and  geometric  configurations. 

(b)  to  improve  pressure  distribution  prediction  methods  so  that  it  can  make  use  of  improved  entrainment  data.  Numerical  methods  are  devised  so  as  to  be 

able  to  accommodate  any  pattern  of  entrainment  along  the  jet  trajectory. 

3.  EXPERIMENTAL  TECHNIQUE 

The  determination  of  the  radially  induced  entrainment  into  an  axisymmetric  free  jet  was  accomplished  by  adding  tracer  gas  to  the  jet  fluid  far  upstream 
of  the  nozzle,  and  measuring  the  decay  of  tracer  concentration  in  the  jet  plume. 

Air  from  a  compressor  was  supplied  to  a  plenum  chamber  where  it  was  mixed  with  the  tracer  gas  (argon)  to  produce  a  gas  mixture  containing  10%  by 
volume  of  argon.  The  mixture  was  directed  through  the  plenum  chamber  which  contained  heaters  capable  of  raising  the  gas  temperature  by  SOO'^C,  at  entry 
to  the  convergent  nozzle.  (Fig.  2)  On  leaving  the  nozzle  at  high  subsonic  velocity  the  air/gas  mixture  was  diluted  by  air  entrained  into  the  jet  plume.  Samples 
of  this  air/argon  mixture  were  drawn  from  ^e  plume  through  a  suction  probe  attached  to  a  rotary  vacuum  pump.  The  probe,  which  was  mounted  on  to  a 
3  axis  traversing  gear,  could  be  positioned  at  any  station  up  to  120  nozzle  radii  downstream  from  the  nozzle  and  up  to  20  nozzle  radii  from  the  nozzle  axis. 

Analysis  of  the  gas  mixture  was  carried  out  using  a  quadrupole  mass  spectrometer  (3,  4)  allowing  the  concentration  of  Che  argon  to  be  measured 
throughout  the  jet  plume.  Typical  concentration  curves  are  sliown  in  Fig.  3.  The  dilution  of  the  tracer  gas  enabled  entrainment  at  each  axial  station  to  be 
determined. 

If  tests  are  carried  out  with  a  Schmidt  No.  of  around  unity  experience  has  shown  that  the  turbulent  Schmidt  No.  Is  also  of  the  same  order.  The  conse' 
quence  of  this  is  that  both  hydrodynamic  and  concentration  radial  profiler  are  very  similar.  This  Is  of  course  very  useful  when  a  concentration  profile  can  be 
obtained  more  easily  than  a  velocity  profile. 

4.  MEASUREMENT  OF  ENTRAINMENT 

Entrainment  into  a  free  jet  has  been  measured  many  times,  usually  by  mapping  the  velocity  profile  in  the  jet  at  various  stations  downstream  of  the 
nozzle.  From  this  an  estimate  of  flow  in  the  plume  may  be  made.  The  variation  of  velocity  in  the  fully  developed  part  of  the  jet  follows  a  Gaussian  type 
distribution,  so  that  at  the  edge  of  the  plume  the  jet  velocity  is  similar  to  that  of  the  surrounding  fluid  and  this  fact  makes  it  difficult  to  define  the  jet 
boundary  with  certainty.  Since  a  large  proportion  of  the  flow  occurs  In  the  low  velocity  region,  accurate  determination  of  entrainment  is  difficult. 

Alternative  methods  have  been  attempted  but  the  results  are  somewhat  contradictory  (1). 

in  order  to  overcome  these  objections,  a  flow  tracing  system  in  which  Uie  jet  fluid  is  doped  with  a  small  volume  of  tracer  gas  Is  being  developed.  This 
system  permits  the  jet  boundary  to  be  determined  with  greater  certainty,  and  consequently  a  better  measurement  of  entrainment  to  be  made. 

Flow  tracing  techniques  are  attractive  in  the  study  of  complicated  flow  systems,  particularly  where  analysis  has  proved  to  be  impossible.  For  applications 
in  air  such  tracers  as  smoke,  water  droplets,  and  tufts  have  been  used,  but  the  full  benefit  is  gained  only  if  the  tracer  faithfully  follows  the  flow  pattern 
dictated  by  the  fluid  under  examination,  if  it  can  be  detected  and  (where  nece^ry)  measured  accurately  and  the  presence  of  the  tracer  does  not  modify  the 
fluid  properties  to  an  unacceptable  degree. 

Most  tracers  are  unable  to  satisfy  these  requirements  entirely  so  it  is  important  to  establish  limitations  before  results  from  a  given  flow  system  are  of  use. 

In  the  past  tracer  systems  have  been  detected  visually  and  recorded  by  a  photo^aphic  process.  The  development  of  relatively  cheap  mass  spectrometers 
and  other  systems  now  permits  rapid  chemic^  analysis,  so  that  non-visual  tracers  may  be  employed. 

The  tracer  gases  used  in  this  work  have  similar  mass  numbers,  similar  densities,  and  similar  molecule  sizes  to  that  of  the  fluid  being  traced.  Thus  the 
tracer  will  follow  the  trajectory  of  an  air  flow  much  more  faithfully  than  will  smoke  particles,  dust  particles  or  water  spray,  where  particle  sizes  are  many 
orders  of  magnitude  larger  than  the  molecules  of  nitrogen  and  oxygen.  With  a  trac^  ps  even  large  accelerations  of  the  flow  may  be  followed  accurately. 

The  detection  and  measurement  is  by  mass  spectrometer  (3, 4)  which  has  sufficient  sensitivity  to  detect  the  presence  of  the  tracer  better  than  100  parts 
per  million.  In  addition  the  proportion  of  gas  in  air  by  volume  or  by  mass  may  be  determined  as  well  as  the  concentration,  i.e.  the  partial  density. 

The  entrainment  between  the  nozzle  exit  station  and  any  parallel  axial  station  may  be  obtained  as  follows:- 

Let  mass  flow  rate  of  air  through  the  nozzle  he  rh^,  let  the  mass  flow  rate  of  tracer  gas  through  the  nozzle  be  rhg  and  let  the  mass  flow  rate  of 
entrained  air,  drawn  into  the  jet  betvreen  the  nozzle  and  plane  Z  —  Z  distance  z  h-om  nozzle  be  rhe. 

Total  mass  flow  at  nozzle  exit  -  rhg-^rhg  (4.1) 

Total  mass  flow  at  any  station  Z  -  Z  -  rh^ rhg rhe 

let  W  be  the  mass  fraction  of  tracer  gas  In  the  jet  at  nozzle  exit 

W  =  — ^»r  (4.3) 

ma  +  mg 

let  Win  be  the  bulk  mean  mass  fraction  of  tracer  gas  in  the  jet  at  axial  station  Z  -  Z 
Wm  = 

m*  +  mg  ♦  rhe 


(4.4) 
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divide  16  by  17 

W  _  ma  *  my  •»  rh# 
Wm  rha  +  rhg 


W(rna  +  rhg)  -  Wm(r»a  +  mg)  =  Wmrhe 

Whence  rhe  -  1^  |  ma  +  mg  J 


(4.5) 


(4.6) 


For  a  given  experimental  condition,  the  values  of  rha,  rhg  and  W  will  be  known.  Thu$  it  is  necessary  to  measure  W  across  the  jet  and  determine  from  this 
the  bulk  mean  value  of  for  a  particular  axial  station  in  order  to  obtain  the  entrainment. 

S.  ENTRAINMENT  IN  AN  AXISYMMETRIC  |ET 

As  a  jet  discharges  into  a  body  of  initially  stagnant  fluid,  it  induces  the  surrounding  fluid  to  flow  radially  inwards,  and  this  effect  increases  the  mass 
flow  in  the  jet  as  the  distance  increases  from  the  nozzle.  Theory  assumes  that  the  entrainment  process  occurs  at  constant  pressure,  but  clearly  there  must  be 
small  but  significant  pressure  differences  to  establish  the  movement  of  surrounding  fluid  into  the  jet  stream.  G.  I.  Taylor  established  a  technique  for  deter¬ 
mining  the  streamline  pattern  by  replacing  the  jet  with  a  sink.  This  approach  has  been  used  by  Wygnanski  (5)  and  is  developed  further  here  to  compute  the 
pressure  distribution  on  a  flat  surface. 

When  discharging  into  still  air  jets  comprise  two  distinct  regioru.  During  the  first  few  jet  diameters  downstream  from  the  nozzle  the  jet  possesses  a 
potential  core,  that  is  a  zone  in  which  the  fluid  velocity  remains,  unaffected  by  and  unmixed  with,  surrounding  fluid.  Within  the  potential  core  the  velocity 
remains  unchanged  from  its  magnitude  in  the  plane  of  the  nozzle  exit.  With  increasing  distance  downstream,  the  cross  sectional  area  of  the  potential  core 
decreases  as  the  thickr}ess  of  the  mixing  layers  increase  until  they  reach  to  a  maximum  at  the  end  of  the  potential  core. 

At  this  point  the  jet  is  said  to  be  fiilly  developed. 

5.1  Integral  Method 

5.1.1  RADIAL  VELOCITY  CALCULATION 

Consider  an  elemenud  length  of  line  sink  dz  at  vertical  distance  z  as  dtown  in  Fig.  4.  The  Velocity  at  point  P  along  R  due  to  a  sink  strength  Q  per  unit 
length  is  ^ven  by: 

Qdz 
4irR' 


Vr 


(5.1) 


Now  the  horizontal  component  of  velocity  (Vr)  at  point  P  is  -Vr  sin  6 

•  Vr  =  -  0**^  ^ 

4irR’ 


(5.2) 


To  obtain  the  effect  of  an  impervious  surface,  OP,  the  well  known  method  of  mirror  images  is  used  by  introducing  a  line  sink  of  strength  Q  going  in  the 
minus  Z  direction.  Consideration  of  an  elemental  section  length  d,  distance  -z  completes  the  procedure  and  It  can  be  seen  that  the  velocity  along  the  surface 
is  then  effectively  doubled  since  two  sinks  now  induce  the  flow. 


Thus 


_  2Qdz  sin  6 
4itR’ 


The  inflow  velocity  at  P  due  to  a  line  sink  extending  from  the  origin  O  to  infinity  is  given  by:- 

Z  =0 


Vr  = 


/Qd,  sin 
2*rR’' 


(5.3) 


(5.4) 


0  =  0 

=  -J  Q  sin  0  d  0 


2itr 


(5.5) 


0  =  '/, 


Clearly  it  can  be  seen  that  the  velocity,  Vf,  at  any  radius  r,  and  hence  the  pressure  distrihution  over  a  flat  surface,  depends  upon  the  assumptions  made 
cofKerning  the  entrainment  rates  both  in  the  potential  core  and  the  fully  developed  region. 

S.1.2  POTENTIAL  CORE  REGION 

It  is  assumed  that  the  potential  core  region  has  a  length  equal  to  n  x  rj  where  0  <  n  <  12  and  the  volumetric  entrainment  rate  is  given  by  2)tB,  rj  vj 
where  B|  is  a  constant  independent  of  length  v  j  is  the  jet  velocity  and  rj  is  the  jet  radius. 

From  Fig.  2.:  - 

z  =  n.rj,  0  =  tan"'  _r_ 


0  =  Tan''  r/nrj 

=  _  ,  sin0d0 

J  2irr 

0  =  '/z 


B,  rj  Vj  (  1  ) 


(5.6) 
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» 


r 
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5.1.3  FULLY  DEVELOPED  REGION 


Beyond  Ihe  potential  core  region  it  is  assumed  that  the  entrainment  is  given  by:— 

0 


2*8,  rjvj 
9  =  0 

8)2irri  vi  sin  9d  9 
2*r 
9  =  Tan'‘  r 


/' 


B. 


iLii  _ ! _ I 


(5.7) 
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5.1.4  COMBINED  REGION 

The  horizontal  or  surface  vdocity  due  to  entrainment  along  the  complete  jet  paths  ts  given  by  the  addition  of  e^tuations  5.6  and  5.7 


ivj  j  8,  -  B,  -  Bi  I 

M  (M  .A,  ) 


(5.8) 


(nr|)> 


by  substituting  the  values  given  by  Wygnanski  (5) 
i.e.  B,  =  .032.  Bj  =  .114 

a  particular  equation  for  is  obtained,  that  is, 

1.716 


rjjy  ( 0.716  -  0.515  ) 


(5.9) 


(nri) 


5.1  J  PRESSURE  DISTRIBUTION  OVER  A  PLANE  SURFACE 

For  incompressible  flow  conditions  the  pressure  distribution  over  a  plane  surface  i$  given  by:- 


!6Po  Vr’ 


(5.10) 


where  the  density  Po  is  constant 

Substituting  from  equation  (5.8) 
Ps 


^  (  (1M-!-)’)''j 


(5.11) 


'^1 


5.1.6  INTERFERENCE  FORCE  CALCULATIONS 
The  force  on  an  elemental  ring  is  given  by:- 
dF  =  2ir  rdr.  P 

where  P  is  the  suction  pressure  acting  on  the  surface  at  radius  r. 
Hence  the  total  suction  force  on  a  defined  circular  area  is:- 


-/■ 

•'  ri 


2irpe  Yi.’  r  dr 
2 


(5.12) 


by  substitution  of  the  expression  for  Vp  inequation  (5.11)  and  integrating  the  following  force  equation  is  obtained; 
F  =  rrporj’vj’  |b,’  loge^-  (2B,  (B, -B,))  loge 

It  Is  useful  to  non  dimensionallse  by  dividng  by  the  jet  thrust  T,  giving  the  ratio 


ng  forc9  equation  is  obtained: 

rjVrp’  -  n  ri/r,| 


+  (B,  -B,)’ 
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where 


PoWj’  V|' 


Using  the  vafiies  of  B|  and  Bj  suggested  by  Wygnanski  for  potential  core  lengths  from  0.5  to  6  jet  diameters  (1  <  n  <  1 2),  Fig.  5,  was  plotted  for  values 
of  plate  radhis  up  to  8  jet  radii.  Measurements  reported  in  Ref.  6  have  been  added  to  the  graph. 


The  disctepancy  between  theory  and  practical  results  Indicates  the  need  for  a  closer  examination  of  the  entrainment  into  the  jet. 


It  Is  to  be  expected  that  at  large  values  of  plate  radius  rg,  a  limiting  value  of  suction  force  would  be  reached.  However  it  is  of  significance  that  the  theory 
does  not  comply  with  this  basic  premise.  Equation  (5.14)  shows  that  the  suction  force/jet  thrust  increases  continuously  with  plate  radius  which  suggests  that 
the  assumptions  regarding  entrainment  must  be  inadequate. 


S.2  Numerical  Technique 

S.2.1  SURFACE  VELOCITIES 


Ji-5 


(n  this  section  a  numerical  method  is  described  which  can  be  used  to  evaluate  surface  pressure  distributions.  As  a  start  it  is  assumed  that  the  axial  line 
sink  system  OZ  (Fig.  4)  comprises  a  number  of  finite  cylindrical  elements  each  having  an  individually  asiigntd  sink  strength  and,  for  example,  each  having  the 
length  of  the  initial  jet  radius  rj. 

The  strength  of  these  individual  sinks  is  taken  to  vary  with  axial  distance,  so  that  at  distance  i  n.n)  from  the  nozzle,  the  sink  strength  is  written  as 
Qn. 


From  equation  (5.3)  the  surface  velocity  at  point  P  (see  Fig.  4),  due  to  one  sink  of  strength  Qn  at  distance  z  from  the  nozzle,  is  given  by;- 


(AVf),  = 

-2IL1  «n8 

2irR’ 

(5.15) 

= 

On  ri .  r 

2rr(r’  +  n’ 

(5.16) 

where  sin  6  = 

r  _  r 

R  y  r’  +  rj’ 

The  summation  of  this  equation  for  n  0  to  <»  permits  the  calculations  of  the  surface  velocity  at  point  P  due  to  a  continuous  line  of  finite  sink  elements 
extending  to  infinity. 

That  is;- 

OO 

Vr 
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(5.17) 

n  =  0 

5.2.2  SURFACE  PRESSURE  DISTRIBUTION 

Evaluation  of  the  surface  pressure  distribution  is  obtained  by  substitution  of  (5.17)  into  (5.10)  hence 
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5.2.3  ACCURACY  OF  THE  NUMERICAL  METHOD 

Due  to  the  natural  decaying  effect  of  a  jet  flowing  into  stagnant  surroundings  it  is  obvious  that  some  finite  axial  distance  of  entrainment  should  be  able 
to  be  used  to  determine  pressure  distributions  within  say  1%.  Furthermore  the  length  of  sink  element  used  in  the  calculations  will  also  affect  the  accuracy  of 
the  pressure  distribution  prediction.  Consequently  an  analysis  has  been  made  to  find  the  optimum  total  entrainment  axial  distance,  and  the  optimum  axial 
sink  element  length. 

This  has  been  accomplished  by  comparing  the  results  of  the  numerical  method  with  v^alytical  method  using  entrainment  rates  suggested  by  Wygnanski 
(5).  The  required  degree  of  accuracy  for  pressure  distribution  over  an  area  of  6  jet  radii  is  obtained  with  an  effective  jet  trajectory  length  of  120  jet  radii,  in 
addition  each  unit  length  of  trajectory  (length  of  one  jet  radius)  is  divided  into  100  segments.  Fig.  6  shows  the  effect  of  increasing  the  effective  length 
trajectory  over  which  entrainment  is  considered  to  be  active  and  the  number  of  segments  by  which  each  unit  of  trajectory  is  divided  duiing  computation. 

6.  RESULTS 


6.1  Concentration  Profiles 

Radial  traverses  of  various  axial  stations  downstream  of  the  nozzle  exit  were  made  using  the  suction  probe  attached  to  the  fast  inlet  system  of  the  mass 
an^yser.  At  each  radial  station  measurements  of  tracer  gas  concentrations  were  made  and  Fig.  3  shows  concentration  distributions  in  a  typical  jet.  It  is 
possible  to  normalise  these  profiles  with  reference  to  the  radius  at  which  the  concentration  has  fallen  to  one  half  the  '‘entreline  value.  These  indicate  that  all 
radial  distributions  lie  on  a  single  curve. 

6.2  Calculated  Entrainment  Values 

Using  the  tracer  gas  technique  measurements  of  the  entrainment  into  the  jet  have  been  made.  Fig.  7  shows  the  results  of  this  integration  for  two  jet 
conditions  both  at  the  same  jet  mach  number  but  with  differing  initial  jet  temperatures.  Both  jets  exhibit  similar  trends  showing  an  almost  linear  increase  of 
mass  flow  in  the  iet  plume  with  axial  distance  from  the  nozzle  exit.  It  is  noticable  that  at  axial  distances  greater  than  40  jet  radii  the  rate  of  entrainment 
tends  to  decrease 

This  effect  contradicts  data  from  another  source  (1 )  which  suggested  that  entrainment  increased  linearly  with  axial  distance  from  the  nozzle.  However  it 
seems  reasonable  to  suppose  that  at  very  large  distances  from  the  nozzle,  where  the  jet  velocity  has  virtually  decayed  to  zero  then  the  entrainment  also  should 
be  zero. 

The  effect  of  enhanced  jet  temperature  Is  to  increase  the  rate  of  entrainment  at  least  in  the  region  closest  to  the  nozzle  exit.  At  large  distances  from  the 
nozzle,  where  the  temperatures  of  both  plumes  tend  towards  the  same  value,  it  is  possible  that  entrainment  rates  may  become  similar.  Further  d.ua  is 
necessary  before  this  can  be  confirmed. 

6.3  Pressure  Distributions 


Using  the  measured  values  of  entrainment  shown  in  Fig.  7  the  numerical  technique  described  in  section  5.2  was  used  to  evaluate  the  surface  pressure 
distribution  over  an  infinite  flat  surface  out  to  a  radius  equal  to  6  jet  radii.  Comparison  was  made  with  predictions  using  constant  entrainment  rates  (Section 
5.1)  and  with  values  measured  during  the  experiments  (Figs.  8  and  9).  It  is  encouraging  to  note  that  the  predictions  made  with  the  numerical  method  using 
measured  values  of  entrainment  are  in  reasonable  agreement  with  the  measured  pressure  distribution  for  both  test  conditions. 

7.  CONCLUSIONS 


The  tracer  technique  is  a  useful  method  for  the  study  of  jet  interferance  phenomena  including  flow  field  and  surface  effects.  The  numerical  method  used 
to  predict  the  surface  pressure  distributions  over  a  flat  surface  shows  that  reliable  entrainment  data  is  required  if  accuracies  arc  to  be  improved. 


The  data  reported  here  Is  limited  by  the  restrictions  imposed  by  the  measuring  equipment.  Clearly  considerable  improvements  could  be  obumed  if 
measurements  of  entrainment  were  taken  at  stations  much  further  away  from  the  nozrle  exit  plane. 
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Fig.  3.  Radial  Decay  of  Concentration  at  various  Downstream  Stations 
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Fig.  6  Comparison  of  Errors  in  Numerical  Solution 


Fig.  7  Entrainment  into  an  Axisymmetric  Free  Jet 
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SUMMARY  REMARKS 
on  the  AGARD/FDP  SYMPOSIUM 
on  the  Fluid  Dynamics  of  Jets 
with  Application  to  V/STOL 

Dr.  Ir.  B.M.  Spee 

National  Aerospace  Laboratories  (MLR) 
Hetherlanda 


It  waa  about  two  years  ago  now  that  Alec  Young  and  Brian  Quinn,  the  co-chairmen  of  the  progranne 
committee  of  this  symposium  asked  me  to  volunteer  in  writing  the  technical  evaluation  report  of  the 
meeting.  Because  I  was  the  author  of  the  TER  of  the  last  symposium  of  the  Fluid  Dynamics  Panel  on 
V/STOL  aerodynamics  in  1974,  it  would  be  easy  for  me  to  give  a  judgement  on  the  progress  in  this  area 
that  has  been  made  since  then.  Then  during  the  last  meeting  of  the  FDP  in  Toulouse  in  the  spring  of 
this  year,  after  the  final  decisions  on  Che  programme  of  this  meeting  had  been  made,  Alec  Young 
convinced  me  that  since  I,  as  Che  author  of  the  TER  had  to  sic  down  here  all  the  time  and  Co  listen 
very  attentively  to  all  Che  presentations,  I  would  be  in  an  excellent  position  to  make  the  closing 
remarks  at  the  end  of  the  meeting. 

I  accepted  the  invitation,  and  I  really  believed  at  that  time  that  it  would  not  be  difficult  to 
summarise  Che  main  conclusions  from  the  papers  Chat  were  to  be  presented  this  week.  However,  in  Che 
course  of  the  symposium,  listening  to  the  authors  and  Co  the  discussions  after  Che  papers,  I  realized 
that  this  was  a  complete  mistake,  1  now  think  that  it  is  quite  difficult  Co  draw  conclusions 
inmiediately  after  a  meeting  like  this  one.  I  feel  that  I  need,  in  fact,  some  more  time  to  think  over 
many  points  Chat  have  been  discussed  this  week.  Nevertheless,  I  will  do  the  job  that  I  have 
accepted,  and  I  will  give  my  personal  feelings  about  what  this  symposium  has  put  forward.  But  I 
would  like  CO  stress  that  it  is  to  be  considered  as  a  first  reaction  only,  and  that  it  may  be  well 
possible  that  the  final  conclusions  that  will  be  given  in  the  TER  will  be  somewhat  different. 

Now  Co  make  this  even  more  probable,  I  would  like  to  ask  you  to  give  your  reaction  to  these 
concluding  remarks,  t  know  that  there  will  be  no  more  time  for  further  discussions  at  this  meeting, 
because  if  chat  would  be  the  case,  my  remarks  would  quite  certainly  not  be  the  closing  remarks. 
However,  there  always  is  Che  possibility  of  correspondence  by  letter,  and  I  would  appreciate  to 
receive  comments  from  you.  It  would  certainly  help  me  in  writing  a  TER  that  really  brings  the 
message  of  Che  symposium  to  the  attention  of  people  that  are  responsible  for  research  prograimaes  and 
research  budgets.  This  is,  I  think,  the  main  purpose  of  a  technical  evaluation  report. 

First  of  all,  an  observation  on  the  way  this  symposium  has  been  organized.  I  found  the  formula  that 
has  been  applied  with  a  general  review  paper  on  Che  subject  of  the  symposium  and  survey  papers  from 
experts  on  the  different  session  topics  of  Che  meeting,  very  effective.  I  can  say  this  although 
being  a  member  of  Che  programme  committee  because,  as  far  as  I  resiember,  this  formula  has  been 
proposed  by  the  co-chairmen  of  the  committee. 

The  general  review  paper  by  Bradbury,  the  survey  paper  by  Barche  on  jet  interaction  with  neighbouring 
surfaces,  the  survey  paper  by  NaChieu  on  jet  structure,  the  survey  paper  by  Hargason  on  vindtunnel 
simulation,  the  survey  paper  by  Quinn  on  injection  and  thrust  augmentation  and  the  survey  paper  by 
Donaldson  on  the  modelling  of  turbulent  flows,  all  gave  an  excellent  view  of  the  state  of  the  art  of 
the  different  aspects  of  jets  and  V/STOL  aerodynamics,  and  they  together  form  a  framework  Chat  has 
been  of  much  help  to  those  of  us  that  are  not  experts  on  all  these  subjects  to  put  the  different 
contributions  in  the  right  perspective. 

A  striking  aspect  of  the  programme  to  me  as  an  experienced  listener  at  FDP  meetings,  was  the  fact 
that  so  many  of  the  papers  presented  described  experimental  investigations  of  an  exploratory  nature; 
chat  is,  aiming  at  a  better  understanding  of  Che  different  types  of  very  complex  three-dimensional 
turbulent  flow  phenomena  that  are  in  general  associated  with  jets.  Apart  from  the  review  and  survey 
papers  and  Che  invited  short  contributions,  there  have  been  only  four  out  of  twenty  one  papers  that 
reported  in  particular  on  activities  in  the  field  of  the  development  of  prediction  methods.  There 
was  a  paper  by  HcQuirk  on  "a  row  of  jets  in  a  crossflow",  a  paper  by  Baker  on  "a  three-dimensional 
interaction  algorithm  for  numerical  prediction  of  V/STOL  jet-induced  flows",  a  paper  by  Walters  on  a 
"method  for  Che  prediction  of  V/STOL  propulsion  induced  aerodynamics",  and  a  paper  by  Kotansky  on 
"the  modelling  and  prediction  of  multiple  jet  V/STOL  aircraft  flowfields  in  ground  effects".  I  will 
come  back  to  these  papers  in  a  moment. 

In  opinion,  it  is  not  just  accidental  that  the  papers  on  experimental  investigations  are 
practically  all  from  universities,  and  that  the  large  national  research  institutes  hardly  contributed 
Co  Che  symposium.  It  is  quite  usual  that  the  universities  are  engaged  in  this  type  of  exploratory 
experiment  which  ia  relatively  cheap.  The  national  research  institutes  generally  concentrate  on 
experiments  that  are  set  up  particularly  as  a  check  on  theoretical  prediction  methods.  This  type  of 
experiment  usually  asks  for  a  lot  of  details  and  a  very  high  accuracy,  and  they  are  consequently 
quite  expensive  in  general. 


so 

Obviouflly»  there  is  still  a  large  need  for  such  exploratory  experimental  investigations  on  V/STOL 
aerodynamics,  because  our  knowledge  of  these  flow  phenomena  is  rather  limited.  It  means  that  the 
progress  on  V/STOL  aerodynamics  has  not  been  very  impressive  in  Che  last  ten  years.  Let  me  go  back 
to  that  last  meeting  of  the  FDP  on  V/STOL  aerodynamics  in  Delft  in  1974.  In  the  opening  lecture  of 
Chat  symposium,  David  Hickey  of  Ames  Research  Center  said  chat  after  twenty  years  of  research  Che 
western  world  had  only  one  operational  V/STOL  aircraft,  the  Hawker  Siddeley  Harrier.  I  have  heard 
the  same  remark  several  times  again  at  this  meeting.  Hickey  said  he  found  the  failure  to  use  V/STOL 
technology  in  civil  transportation  systems  disappointing  and  suggested  that  improvements  in 
aerodynamics  could  bring  V/STOL  aircraft  in  a  better  position  in  competition  with  conventional 
aircraft. 

The  general  feeling  at  tne  1974  meeting  was  that  the  situation  in  the  field  of  research  on  V/STOL 
aerodynamics  was  far  from  promising.  The  majority  of  the  papers  at  that  symposium  reported  on 
research  that  was  carried  out  quite  some  time  before  the  meeting  and  on  projects  that  had  already 
been  stopped  at  that  time.  It  was  stated  Chat  the  basic  flow  phenomena  were  well  understood,  but 
Chat  one  was  still  far  away  from  sufficiently  accurate  theoretical  prediction  methods. 

Now,  what  happened  since  that  meeting.  The  fuel  crisis  of  1974  almost  completely  killed  the  interest 
in  civil  V/STOL  applications.  Also,  the  activities  on  military  V/STOL  aircraft  projects  decreased 
further.  In  Europe  only  the  United  Kingdom  kept  some  interest  in  military  V/STOL  aircraft,  but  I 
have  the  Impression  that  much  of  the  further  development  of  the  Harrier  was  left  Co 

McDonnell-'Douglas.  The  activities  in  Che  United  States  were  as  well  limited.  Apart  from  the  work  on 
Che  Harrier,  the  only  recent  activity  that  resulted  in  real  prototype  aircraft  was  the  STOL  transport 
project,  which  as  it  looks  now,  will  probably  not  have  a  further  continuation.  The  main  interest 
nowadays  seems  for  V/STOL  aircraft  designed  to  operate  from  damaged  runways  and  from  smaller  ships  as 
was  mentioned  by  Roberts. 

The  absence  of  V/STOL  projects,  of  course,  also  decreased  the  budgets  that  had  been  made  available 
for  research  in  this  field,  and  consequently,  the  extent  of  the  research  activities  also  in 
aerodynamics.  This  happened  especially  in  Europe  where,  particularly  in  France  and  Germany,  the 
research  on  V/STOL  aerodynamics  came  to  an  almost  complete  standstill.  What  has  been  put  forward  at 
this  symposium  reflects  this  situation. 

As  was  the  case  after  Che  1974  meeting,  I  think  that  it  has  to  be  said  again  that  the  progress  on 
V/STOL  aerodynamics  is  not  very  impressive.  Our  knowledge  of  the  fluid  dynamics  of  jets  applied  to 
V/STOL  increased  considerably,  but  it  is  still  in  an  early  stage.  Fortunately,  aircraft  designers  in 
general  and  designers  of  V/STOL  aircraft  in  particular  are  obviously  very  Intelligent  people.  They 
are  able  Co  make  reasonably  good  aerodynamic  designs  with  only  a  minimum  of  design  tools;  that  means 
theoretical  prediction  methods  and  an  experimental  data  base,  in  hand.  One  could  say  Chat 
aerodynamic  design  of  V/STOL  aircraft  in  a  sense  is  more  art  than  science  today. 

As  far  as  the  experimental  data  base  is  concerned,  the  problem  is  that  the  number  of  variables  and 
options,  and  therefore  the  number  of  possible  shapes  and  parameters  in  the  aerodynamic  design  is  so 
large  Chat  such  an  experimental  data  base  with  enough  adequate  information  for  the  designer  is  very 
difficult  to  build  up.  The  designer  of  V/STOL  aircraft  is  also  facing  a  lack  of  powerful  theoretical 
prediction  methods.  Most  of  the  prediction  methods  are  based  on  potential  flow  methods  using 
empirical  input  to  represent  the  propulsive  flow  characteristics.  The  existing  prediction  methods 
are  very  limited  in  their  range  of  valid  application  and  in  the  extent  of  their  verification  with 
experimental  results.  The  designer  of  V/STOL  aircraft  is  obviously  in  a  much  less  comfortable 
position  than  his  colleague,  the  designer  of  conventional  aircraft.  The  designer  of  conventional 
aircraft  nowadays  has  very  sophisticated  prediction  methods  in  hand;  methods  that  are  based  on  a 
combination  of  potential  flow  calculations  and  viscous  flow  boundary  layer  type  calculations,  with 
additional  modelling  of  the  interaction  of  these  two.  A  very  important  aspect  in  the  modern  design 
procedures  for  conventional  aircraft  is  the  fact  that  some  of  the  methods  can  be  used  in  an  inverse 
way,  which  makes  it  possible  to  find  the  aircraft  geometry  for  a  given  desired  pressure  distribution, 
and  consequently  to  really  optimize  the  shape  of  the  aircraft.  I  think  that  such  inverse  methods 
will  be  unattainable  in  the  near  future  for  V/STOL  aircraft. 

The  paper  by  Kotansky  on  "the  modelling  and  prediction  of  multiple  jet  V/STOL  aircraft  flow  fields  in 
ground  effect'*  is  typical  for  how  the  designer  of  V/STOL  aircraft  currently  uses  a  mixture  of 
empirical  laethods  and  potential  flow  methods  for  the  engineering  prediction  of  ground  flow  fields, 
induced  suckdown  and  fountain  formation  for  multiple  jet  aircraft.  I  think  it  is  quite  impressive  as 
an  engineering  method,  but  still  rather  primitive  compared  with  the  sophisticated  methods  used 
nowadays  to  design  conventional  aircraft. 

The  absence  of  an  adequate  experimental  data  base  and  sophisticated  theoretical  prediction  methods 
makes  the  designer  of  V/STOL  aircraft  very  much  dependent  on  wind  tunnel  testing.  In  using  the  wind 
tunnel,  the  designer  of  V/STOL  aircraft  is  faced  with  another  additional  problem,  and  that  is  how  to 
extrapolate  the  results  of  the  testa  Co  full  scale,  free  flight  conditions.  It  has  to  be  realized 
that  in  the  case  of  testing  of  conventional  aircraft,  the  availability  of  calculation  methods  plays 
an  important  role  in  the  interpretation  of  wind  tunnel  results  and  in  the  extrapolation  of  those 
results  Co  full  scale  data.  They  are  used  rather  intensively  for  the  interpretation  of  differences 
between  free  flight  test  data  and  wind  tunnel  data.  For  V/STOL  testing  this  can  ba  quite  a  difficult 
problem  as  I  understood  from  Che  paper  by  Haftisann  on  Ceata  on  a  V/STOL  fighter  type  aircraft. 

Wind  cunnal  testing  technique  itself  is  rather  complicated  for  V/STOL  configurations,  is  was 
indicated  by  Margaaon.  His  paper  has  shown  that  relatively  email  variations  in  model  geometry  can 
have  a  large  effect,  and  this  Indicates  the  need  for  testing  on  large  modela. 
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1  waa  aurpriaad  that  the  problea  of  wall  interference  effecta  for  V/STOL  teating  obtained  hardly  any 
attention  at  thia  syapoaiun.  Thia  aubject  has  been  studied  quite  intensively  during  the  fifties  and 
sixties.  The  important  phenomenon  is  Che  non-linear  behaviour  of  the  wall  effect  due  to  the 
influence  of  the  tunnel  walls  on  the  position  of  Che  jets.  I  do  not  have  the  impression  that  the 
problem  of  wall  interference  for  V/STOL  testing  is  solved.  In  fact,  there  is  quite  some  activity 
going  on  nowadays  in  the  field  of  wall  effects  on  CTOL  testing,  a  problem  that  is  relatively  simple. 
The  absence  of  activities  on  wall  effects,  1  think,  suggests  Chat  it  is  accepted  Chat  Che  testing  of 
V/STOL  aircraft  in  wind  tunnels  does  not  have  the  same  quality  as  Che  testing  of  conventional 
aircraft. 

Now,  back  to  the  point  of  prediction  methods.  For  me  the  papers  by  HcQuirk  on  "a  row  of  jets  in  a 
crossflow”  and  by  Baker  on  Che  development  of  "a  three-dimensional  interaction  algorithm  for 
numerical  prediction  of  V/STOL  jet  induced  flows"  were  two  of  Che  highlights  of  the  symposium.  These 
methods  have  at  least  the  potential  to  bring  the  prediction  methods  for  V/STOL  aerodynamics  to  a  more 
sophisticated  level.  Particularly  Baker's  investigation  on  Che  calculation  of  the  jet  in  a  cross 
flow,  exhausting  from  a  flat  plate,  using  a  parabolic  approxisution  of  the  Navier  Stokes  equations 
for  the  turbulent  jet  can  be  considered,  I  think,  as  a  first  step  to  a  more  detailed  and  more 
accurate  modelling  of  this  important  V/STOL  flow  problem.  Of  course,  it  has  Co  be  considered  as  a 
first  step  only.  I  chink  Che  method  still  gives  a  far  from  complete  description  of  the  flow  field. 

In  comparison  with  the  potential  flow  methods  using  singularity  distributions  to  represent  the  jet 
flow  and  its  entrainment,  Baker's  method  is  able  to  give  a  detailed  description  of  Che  flow  inside 
the  jet.  This  is  important  in  particular  in  Chose  cases  where  Che  jet  impinges  on  a  lifting 
surface.  However,  Baker's  method,  I  Chink,  does  not  necessarily  give  a  better  prediction,  for 
instance,  of  the  pressure  distribution  on  the  flat  plate  from  which  the  jet  is  originating.  The 
method  will  not,  as  far  as  I  understood,  be  able  to  give  an  adequate  description  of  the  flow  in  the 
immediate  vicinity  of  the  orifice  where  the  jet  interacCa  with  the  boundary  layer  on  the  plate, 
because  the  assumptions  underlying  Che  parabolic  approximation  of  Che  Navier  Stokes  equations,  I 
think,  are  not  fulfilled  in  this  region.  The  interaction  between  Che  jet  and  the  boundary  layer  on 
the  place  from  which  the  jet  originates  will  probably  be  small  for  those  cases  where  the  angle  of  the 
jet  with  respect  to  the  outer  flow  direction  is  large;  that  is,  close  to  ninety  degrees,  and  the 
ratio  of  the  jet  velocity  and  the  free-stream  velocity  is  large,  but  Che  effect  may  be  large  for 
smaller  angles  of  the  jet  and/or  smaller  velocity  ratios. 

Another  point  chat  is  not  yet  clear  in  my  opinion  is  whether  the  turbulent  jet  model  and  a  potential 
flow  model  for  Che  outer  flow  can  be  coupled  in  an  adequate  way  in  general  through  an  iteration 
process.  It  is  Co  be  expected  that  in  many  cases  there  will  be  only  a  weak  interaction  between  Che 
jet  flow  and  Che  outer  flow.  In  those  cases  the  application  of  a  simple  boundary  condition  will 
probably  be  sufficient  to  obtain  rapid  convergence  of  such  an  iteration  process.  There  may,  however, 
be  other  flow  conditions  where  there  is  a  strong  interaction  between  the  jet  flow  and  the  outer 
flow.  I  was  wondering  whether  in  such  cases  the  coupling  between  the  two  flow  fields  should  not  be 
performed  in  an  interactive  way  through  a  type  of  boundary  condition  as  used,  for  instance,  for 
strong  interaction  problems  between  boundary  layer  and  Che  outer  potential  flow  around  a  lifting 
surface.  For  a  flow  with  strong  interactions  such  an  interactive  boundary  condition  may  be  a 
necessary  condition  to  obtain  convergence.  Again,  I  suppose  the  flow  condition  at  smaller  jet  angles 
and  smaller  velocity  ratios  may  be  expected  to  be  a  more  critical  one.  Now  these  are  problems  for 
the  future,  of  course.  I  mention  them  to  indicate  that  I  feel  that  there  is  still  a  long  way  to  go. 

It  is  evident  that  the  method  of  Baker  has  its  limitations  and  that  even  a  relatively  simple  flow  as 
the  one  considered  in  Che  paper  can  not  be  described  in  every  detail.  For  the  area  close  to  the 
orifice  maybe  a  less  simplified  version  of  the  Navier  Stokes  equations  has  to  be  applied,  such  as  the 
one  used  by  HcQuirk.  If  that  is  the  case,  three  different  flow  regions  described  by  different 
methods  have  to  be  coupled.  This  would  be  quite  a  difficult  job  indeed. 

It  is  clear  that  the  modelling  of  a  much  more  complicated  flow  around  practical  V/STOL  aircraft 
configurations  using  approximations  of  the  Navier  Stokes  equations  is  not  attainable  in  the  near 
future,  in  spite  of  the  rapid  increase  of  available  computing  power.  The  development  of  adequate 
turbulence  modelling  is  often  mentioned  also  as  one  of  the  main  problems  for  the  calculation  of  the 
jet  flow.  This  point  was  mentioned  by  HcQuirk,  and  he  concluded  that  in  some  of  his  calculations, 
the  turbulence  model  was  responsible  for  over-estimating  the  rate  of  mixing.  Of  course,  accurate 
turbulence  modelling  is  important  for  the  calculation  of  turbulent  flow.  However,  I  think  that  the 
experience  from  boundary  layer  research  shows  that  this  point  should  not  be  over-emphasised.  I  have 
the  feeling  that  sometimes  it  is  used  by  the  mathematicians  as  an  explanation  for  discrepancies  which 
can  as  well  be  due  to  the  numerical  treatment  of  the  problem. 

A  last  point  that  I  would  like  to  mention  in  relation  with  the  method  described  by  Baker  is  that, 
again  from  experience  with  the  application  of  boundary  layer  prediction  methods,  it  is  known  that 
finite  difference  and  finite  element  methods  may  well  give  more  details  of  the  flow  than  integral 
methods,  but  that  integral  methods  are  generally  preferred  by  the  users  of  such  prediction  methods 
because  they  are  so  much  easier  to  apply.  It  is  not  obvious,  at  least  not  to  me,  whether  and  how 
methods,  such  as  the  one  developed  by  Baker,  can  be  translated  into  an  integral  stethod. 

The  application  of  methods  based  on  approximations  of  the  Navier  Stokes  equations  can  also  contribute 
much  to  the  development  of  prediction  methods  for  flows  in  ducts,  including  thrust  augmenting 
ejectors,  an  area  where,  as  I  understood,  one-dimensional  methods  are  still  the  heat  that  we  have 
available.  In  some  cases,  however,  particularly  in  the  cese  of  improvement  of  ejector  thrust 
augmentation  by  pulsating  or  flapping  jets,  as  described  by  Parikh,  Viets  and  Binder,  the  flow  cannot 
be  considered  as  a  steady  flow.  Quasi-steady  theories  and  models  of  turbulence  will  quite  certainly 
fail  to  predict  such  flows.  This  point  has  been  indicated  several  times  during  the  meeting  as  an 
area  of  further  study. 
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In  any  event,  a  large  effort  on  the  development  of  methoda  of  the  type  applied  by  Baker  and  McQuirk 
is  of  extreme  importance  in  order  to  make  progress  in  the  field  of  V/STOL  aerodynamics.  However,  as 
I  already  said,  we  have  Co  accept  that  it  will  be  a  long  and  laborious  process  to  come  Co  a  point 
where  these  methoda  can  be  used  in  the  design  of  V/STOL  aircraft. 

In  Che  meantime  there  is  almost  certainly  room  for  a  further  development  of  the  potential  flow 
methods  where  the  jets  are  represented  by  singularity  distributions.  They  have  Co  be  considered  as 
Che  main  tool  for  the  prediction  of  Che  performance  of  V/STOL  aircraft  in  the  years  to  come.  I  found 
it  surprising  Chat  there  has  been  only  one  paper  on  such  methods,  Che  paper  by  Walters.  He  modified 
Che  singularity  distribution  in  Wooler's  model  in  order  to  obtain  a  better  agreement  with  the 
pressure  distribution  on  the  plate  for  a  jet  normal  to  Che  free  stream. 

It  is  important  to  keep  in  mind  chat  Che  fact  that  Che  pressure  distribution  on  Che  flat  plate  shows 
a  better  agreement  does  not  necessarily  mean  Chat  a  method  gives  a  better  overall  description  of  Che 
flow  field.  The  pressure  distribution  on  Che  plate  is  influenced  by  the  interaction  between  the  jet 
and  Che  boundary  layer  on  the  plate,  so  the  pressure  distribution  on  the  plate  is  possibly  not  always 
Che  best  yardstick.  Also,  it  is  to  be  realized  that  the  singularity  distribution  is  adjusted  for  the 
case  of  a  jet  perpendicular  to  the  undisturbed  flow.  A  further  refinement  will  probably  be  necesary 
Co  give  a  better  prediction  of  Che  flow  for  smaller  jet  angles. 

During  the  symposium  we  heard  Che  usual  remarks  on  Che  importance  of  turbulence  ranging  from 
"turbulence  is  not  important  at  all"  to  "the  turbulence  models  that  we  are  using  are  not  good 
enough".  I  do  not  think  that  there  has  been  a  real  controversy  at  Che  meeting  on  whether  or  not 
turbulence  and  entrainment  are  important.  If  we  are  Interested  in  the  details  of  the  jet,  we  have  to 
Cake  into  account  viscous  effects,  chat  is,  the  turbulent  shear  stress.  If  we  are  interested  only  in 
the  effect  of  the  jet  on  the  potential  flow  at  some  distance  from  the  jet,  details  are  not  of 
interest.  In  that  case,  the  deflection  of  Che  jet  thrust  which  can  be  represented  by  a  doublet 
distribution  is  the  main  effect,  whatever  the  deflection  mechanism  may  be,  at  least  for  a  jet  angle 
of  ninety  degrees.  The  entrainment  to  be  represented  by  a  sink  distribution  in  that  case  has  a 
smaller  effect,  but  the  addition  of  entrainment  in  the  model  can  make  Che  difference  between 
reasonable  agreement  and  good  agreement. 

Now,  let  me  go  back  to  the  presentations  on  experimental  investigations.  I  found  it  surprising  that 
with  so  many  papers  on  experiments,  there  were  only,  as  far  as  I  remember,  two  papers,  one  by 
Catalano  and  the  by  Durao,  where  Che  application  of  the  laser  doppler  anemometer  was  described.  I 
found  this  surprising  because,  in  principle,  this  technique  is  the  obvious  one  Co  investigate  Che 
flow  in  and  around  jets. 

The  application  of  conventional  measuring  techniques  with  hot  wires  and  pressure  probes  and  rakes  has 
serious  drawbacks  for  the  types  of  flow  under  consideration,  where  one  has  to  measure  velocity  and 
turbulence  at  relatively  large  distances  from  a  surface.  The  presence  of  Che  probes  or  rakes  will, 
in  general,  have  an  important  effect  in  disturbing  the  flow  that  is  to  be  investigated.  This  is 
possibly  not  unacceptable  if  one  is  mainly  interested  in  a  relatively  rough  description  of  the  flow 
characteristics,  but  it  is  certainly  not  acceptable  for  experiments  aiming  at  Che  very  detailed  and 
accurate  description  of  the  flow  field  that  is  used  for  the  judgment  on  prediction  methods.  So,  the 
fact  that  little  attention  was  given  to  Che  application  of  the  laser  doppler  technique  can  be  due  to 
Che  fact  that,  in  most  cases,  only  a  rough  description  of  the  flow  field  was  required.  However,  if 
it  means  that  the  development  of  this  technique  has  not  yet  reached  the  point  that  the  required 
detail  and  required  high  accuracy  that  is  needed  for  test  case  experiments  can  be  obtained,  I  think 
there  is  every  reason  to  give  much  attention  to  a  further  development  of  this  technique  and  to  build 
up  adequate  experience  with  its  application. 

To  conclude  these  closing  remarks,  I  think  we  could  say  that  the  symposium  demonstrated  clearly  that 
the  situation  in  Che  area  of  V/STOL  aerodynamics  is  characterized  by  two  points: 

a  -  the  flow  phenomena  are  of  such  a  complexity  that  a  very  large  research  effort  is  required 
to  increase  our  knowledge  substantially 

b  -  the  short  term  interest  in  V/STOL  application  is  limited,  and  therefore  the  budgets  that 
are  available  for  research  in  this  area  are  relatively  small 

I  think  this  means  that,  as  it  stands  now,  we  will  not  be  able  to  really  optimize  V/STOL  aircraft 
from  an  aerodynamic  point  of  view  in  a  similar  way  as  we  do  for  conventional  aircraft  for  a  long 
period  to  come. 

Nevertheless,  the  symposium  made  clear  that  there  is  high  quality  research  going  on  at  several 
places.  I  think  AGARD  has  the  responsibility  to  do  whatever  possible  to  increase  cooperation  and 
comninication  between  those  active  in  this  field.  We  all  know  how  important  in  both  theoretical  and 
experimental  work  it  is  to  learn  from  the  experiences  from  and  the  errors  made  by  others.  Finally,  I 
apologize  for  having  not  mentioned  in  this  short  time  all  the  excellent  papers  of  the  meeting.  I 
will  cry  to  do  better  in  the  TER.  I  think  we  had  an  enjoyable  and  a  fruitful  symposium. 
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CLOSING  REMARKS 


Dr.  QUINN 

Dr.  Spee,  we  thank  you  for  your  excellent  comments  In  review  of  the  symposium.  I  do 
know  that  there  are  about  31  people  who  would  like  to  respond  to  those  comments ,  those 
happen  to  be  authors.  I  will  not  let  that  happen  at  this  time,  so  that  the  closing 
technical  remarks  can  be  yours. 

On  behalf  of  ny  co-chairman.  Prof.  Young,  and  the  other  members  of  the  Progreunme 
Committee,  I  will  take  this  opportunity  to  give  very  special  thanks  to  the  authors  whose 
efforts  at  writing  and  presenting  their  discussions  is  what  this  meeting  is  all  about. 

I  applaud  you  all,  and  I  give  you  my  personal  thanks. 

At  this  time  I  would  like  to  turn  the  microphone  over  to  the  Chairman  of  the  Fluid 
Dynamics  Panel,  Dr,  Orlik-Rttckememn. 

Dr.  ORLIK-ROCKEMANN 


I  would  like  to  join  Dr.  Quinn  in  congratulating  Dr.  Spee  on  his  excellent, even  if  only 
preliminary,  technical  description  cuid  evaluation  of  this  symposium.  We  will  all  be 
looking  forward  to  seeing  the  final  version  of  it.  My  job  here  is  to  thank  all  the 
people  who  have  made  this  symposium  possible.  To  start  with,  I  think  that  we  are  really 
fortunate  to  have  been  invited  to  Portugal,  and  thanks  are  due  to  the  Portuguese 
authorities  for  providing  those  splendid  quarters  for  our  meeting.  We  also  owe  a  great 
deal  to  many  people  who  are  involved  in  the  planning,  preparing  and  conducting  of  this 
meeting.  First,  of  course.  Professor  Young  and  Dr.  Quinn  and  their  programme 
committee  for  defining  the  topic  of  this  symposium,  the  careful  selection  of  all  the 
papers,  and  in  addition  for  chairing  the  various  sessions. 

Secondly,  our  Portuguese  panel  members,  Professor  Falcao,  who  together  with  the  Panel 
Executive,  Hr.  Bob  Rollins,  and  the  Panel  secretary.  Mademoiselle  Anne-Marie  Rivault 
looked  after  all  the  local  arrangements  and  ensured  that  all  systems  were  functioning 
smoothly  and  on  time.  In  this  they  were  ably  assisted  by  Miss  Henriques.  The  inter¬ 
pretation  was  done  by  Mrs.  Stuart,  Mrs.  Waudby  emd  Monsieur  de  Liffiac,  who  not  only 
did  an  excellent  job,  but  also  showed  a  great  deal  of  patience  and  understanding  when 
dealing  with  the  customary  technical  and  human  imperfections .  I  am  sure  that  you 
will  all  join  me  in  this. 

I  have  a  few  words  about  the  future  activities  planned  by  our  Panel.  Knowing  these 
plans  in  advance,  you  can  start  early  on  your  own  plans  to  participate  and  pass  on 
this  information  to  somebody  in  your  organization.  In  December  of  this  year,  there  will 
be  a  special  course  at  VKI  in  Belgium  on  Modem  Data  Analysis  Technique  in  Noise  and 
Vibration  Problems.  In  March  of  next  year,  we  will  have  a  lecture  series  on  High 
Angle  of  Attack  Aerodynamics,  which  will  be  presented  in  Belgium,  Germany  and  the 
United  States.  In  May,  there  will  be  two  specialist  Meetings  in  London;  one  on 
"Prediction  of  Aerodynamic  Loads  on  ^torcraft"  and  the  second  on  "Wall  Interference 
in  Wind  Tunnels”.  Finally,  in  September  we  will  have  a  symposium  on  "Aerodynamics  of 
Missiles",  which  will  be  held  in  Trondheim  in  Norway.  We  hope  to  see  you  again  at  some 
of  these  activities.  I  would  like  to  remind  the  panel  members  that  this  afternoon, 
beginning  at  2.30  in  a  room  behind  this  one,  our  Portuguese  colleagues  will  talk  to  us 
about  their  work,  not  only  in  fluid  dynamics,  but  in  the  general  field  of  applied 
mechemics.  I  am  sure  that  the  panel  members  will  not  want  to  miss  this  unique 
opportunity  to  find  out  a  little  bit  more  about  the  scientific  activities  in  this 
country. 


Thank  you  all  for  your  participation,  the  meeting  is  now  adjourned. 
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